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1.0 CHAPTER ONE: CONCEPTUAL OVERVIEW AND 
INTRODUCTION 
1.1 CONCEPTUAL OVERVIEW 
The respiratory system’s primary function is to facilitate gas exchange between the air 
and venous blood. In addition, non-respiratory related tasks include metabolising 
compounds, filtering unwanted material, and acting as a blood reservoir. The lungs are 
located within the thorax and provide a blood-gas barrier between 50-100 square 
metres. The compliance of the lung tissue and the conductive nature of its airways allow 
large volumes of air to move in and out with relative ease. This flow of air is driven by 
changes in thoracic cavity pressures. Contraction of the diaphragm and rising of the ribs 
increases thoracic cavity cross sectional area and reduces pleural and alveolar pressures, 
this facilitates the flow of air into the lungs (Mitzner, 2011; West, 2011). 
Influences on the thoracic wall place a greater demand on the respiratory system that 
alters respiratory mechanics. This can be seen when the respiratory system is put under 
chronically increased physiological strain, for example when the chest wall rigidity is 
increased in restrictive disease states (Pride et al., 1986). Acute changes to chest wall 
rigidity have been investigated through chest wall restriction studies and similar 
alterations to respiratory mechanics are reported (Caro et al., 1960; D'Urzo et al., 1985; 
Gonzalez et al., 1999). Acute changes are also experienced during thoracic load 
carriage. The thorax is the most metabolically efficient place to carry a load, as it is 
closest to the centre of gravity (Abe et al., 2004; Balogun, 1986; Soule et al., 1969; 
Taylor et al., 2012). This leads to a physiological conundrum, as the thorax is the most 
efficient position for load placement the respiratory system is subjected to both 
restrictive, similar to that aforementioned with disease states and chest wall restriction, 
and inertial forces. Furthermore there is an increased metabolic demand due to the 
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excess load (Brown et al., 2012; Bygrave et al., 2004; Dominelli et al., 2012b; Faghy et 
al., 2014; Legg et al., 2004). As a consequence during load carriage, the respiratory 
system must accommodate both the increased metabolic demand of load carriage in 
combination with added inertia and chest wall restriction (Legg et al., 1985; Muza et 
al., 1989) placing the respiratory system under physiological strain that is further 
exacerbated with exercise. 
To date, and despite these predictable outcomes, very little is known about how 
respiratory mechanics are altered with thoracic load carriage. Therefore, the primary 
focus of this research was to determine the effects an acute external loading of the 
thorax has on respiratory mechanics. Three discrete studies were devised to assess the 
effect of thoracic load carriage on respiratory mechanics during maximal exercise, 
submaximal exercise and finally the effect thoracic load carriage has on respiratory 
tissue compliance and work of breathing. A subset of participants was involved in every 
study giving a comprehensive analysis and allowing for the underlying physiological 
changes and its applied effect to be thoroughly investigated. 
1.1.1 Load Carriage, Respiratory Mechanics and Maximal Exercise 
The respiratory system is not considered a major limiting factor to maximal oxygen 
uptake and maximal exercise in the non-pathological state (Bassett et al., 2000). This is 
due to the capacity of the pulmonary system to meet the associated ventilation and gas 
exchange demands with a reserve even during very strenuous exercise (Dempsey, 
1986). However, in some highly trained athletes where cardiovascular improvements 
have occurred and blood flow has increased to the point where hypoxemia has been 
observed to occur, it is possible for the metabolic requirement of maximal exercise to 
reach the functional capacity of the pulmonary system (Dempsey et al., 1984). This 
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compromises the arterial oxygenation and limb blood flow, and therefore will limit 
maximal exercise through inadequate oxygen perfusion to the working muscle 
(Dempsey et al., 1984; Harms et al., 1997; Williams et al., 1986). Additionally, in 
multiple pathological states, restrictive or obstructive, the pulmonary system may be 
limited, reducing, or even completely removing, the aforementioned pulmonary reserve, 
and thereby limiting maximal exercise (Tomczak et al., 2011). Restrictive disorders 
provide a pathological analogue for chronic thoracic loading, and have several effects 
on breathing mechanics. Intra pulmonary diseases, for example, interstitial lung disease 
results in the lungs becoming stiffer and thereby increasing the elastic work of 
inspiration. While extra pulmonary diseases reduce lung expansion indirectly through 
disease of the pleura or chest wall, or respiratory muscle weakness (Tomczak et al., 
2011). The characteristic of change with intra pulmonary restrictive disease is a 
reduction in lung volume and an increased lung recoil pressure. The characteristic of 
change with extra pulmonary restrictive disease is a reduction in the magnitude of 
pressure swings which in turn limits the expansion volume of the lung. (Pride et al., 
1986). Small tidal volumes and high frequencies are used to maintain ventilation at low 
lung volumes and cause an increase in the static elastic work of breathing (Harris, 
2005). This added respiratory muscle work can lead to continuous muscle fatigue 
resulting in exertional dyspnoea and a diminished exercise capacity. The specific 
causative mechanisms are still poorly understood (Tomczak et al., 2011). Therefore, 
while the respiratory system does not normally limit maximal exercise there are 
instances where this does occur. Interestingly, carrying an external load while 
exercising maximally places the body under an added stress that could limit the 
pulmonary system in a similar way to pathological states (Goldman et al., 1962; 
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Tomczak et al., 2011). The effect thoracic load carriage has on maximal exercise forms 
the first objective of this series of studies. 
1.1.2 Load Carriage, Respiratory Mechanics and Submaximal Exercise 
Recent technological advancements have increased the amount of load carried both 
within a military and civilian context (Orr, 2010), and these loads, on some occasions, 
are carried for extended durations, albeit at submaximal exercise intensities (Blacker et 
al., 2009). Therefore, research conducted to gain a thorough understanding of how load 
impacts upon the function of the respiratory system during submaximal exercise is of 
critical importance. The majority of studies in this area have focused on investigating 
the metabolic cost of load carriage during protracted submaximal exercise, very few 
have examined the additional impact load carriage has upon the function of the 
respiratory system (Dominelli et al., 2012b; Faghy et al., 2016). Therefore the effect 
thoracic load carriage has on submaximal exercise forms the second objective of this 
series of studies. The physical interactions of load, load distribution and chest restriction 
were investigated using three experimental phases. 
In the first experimental phase, the impact that increasing load carried around the chest 
wall has on static and dynamic lung volumes was explored. Spirometric analyse 
demonstrates the mechanical constraint that backpack loads impose on the thorax 
through decrements to respiratory volumes: forced vital capacity (FVC), forced expired 
volume in one second (FEV1), and maximal voluntary ventilation in 15 seconds (Muza 
et al., 1989). Along with the aforementioned changes, operating lung volumes could 
also be altered. With chest wall restriction there is a decrease in end expiratory lung 
volume, and the same alterations would be expected with load carriage during 
submaximal exercise (Brown et al., 2012). 
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The second experimental phase investigated the impact of load distribution. As 
aforementioned the thorax is the most efficient place to carry loads (Abe et al., 2004; 
Balogun, 1986; Soule et al., 1969; Taylor et al., 2012). However, the redistribution of 
loads around the thorax, and its physical impact, has not been thoroughly investigated. 
The vast majority of literature has focussed on the backpack only. In reality there are 
occupations that require anterior chest wall load carriage, such as body armour, and 
therefore combinations of these distributions form the primary focus of the second 
experimental phase. 
The final phase of this investigation was focused on the impact of chest-wall restriction, 
independently of load. The increase in metabolic demand with load carriage specifically 
elevates the required minute ventilation the respiratory system must deliver while 
exercising (Bhambhani et al., 2000; Dreger et al., 2006; Majumdar et al., 1997; Peoples 
et al., 2016). The required increase in minute ventilation is reportedly provided through 
an atypical shift in breathing patterns when load carriage is involved. These changes in 
breathing patterns are thought to be attributed to the load being carried on the thorax, 
and applying chest-wall compression. However, the impact, of that compression, on its 
own, remains relatively unexplored. Furthermore when removing the load and applying 
chest restriction alone the inertial component is also removed along with the increased 
metabolic demand of carrying the load. 
1.1.3 Load Carriage, Tissue Compliance and Elastic Work of Breathing 
Variations in lung volumes and respiratory flows may be reflective of underlying 
changes in the mechanical properties of the lung, chest wall and total respiratory 
system. Thoracic load carriage may cause changes in both pulmonary and chest-wall 
compliance which, in turn, will cause changes in the compliance of the total respiratory 
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system. These changes may be quantified from changes in the respiratory pressure (ΔP) 
required to elicit a volume change (ΔV). That relationship is then expressed as a ratio 
(ΔV/ΔP) and is the compliance of the system (L.kPa-1). From separate measurements of 
end-inspiratory and end-expiratory lung volumes, one can define the operating lung 
volumes over which compliances are then determined. While compliance curves have 
been used to assess age and obesity related effects on total respiratory system, lung and 
chest wall compliance (Chaunchaiyakul et al., 2004; Naimark et al., 1960), at present, 
this method has yet to be applied with respect to changes in the compliance with 
thoracic loading. Therefore, the aim of the final study was to address this by evaluating 
changes in respiratory compliance during thoracic load carriage. Changes in compliance 
are likely to alter both the elastic and non-elastic components of the work of breathing, 
however primarily the elastic work of breathing is influenced by changes in respiratory 
compliance (Otis, 1964). The static elastic work breathing is yet to be investigated with 
respect to load carriage, and only one group has investigated the effect of thoracic 
loading on the power of breathing, this therefore was another primary focus of the final 
study, assessing static elastic work of breathing for multiple thoracic loads. 
1.2 RESPIRATORY MECHANICS 
The primary respiratory function is to match alveolar ventilation with metabolic demand 
preserving blood gas tension homeostasis. This is achieved via multiple afferent inputs 
to the brainstem altering the rate and depth of breathing (Wasserman et al., 2011). 
Through changes in intra-pleural pressures, the lungs are ventilated while 
simultaneously being perfused with blood to allow gas exchange. This continuous 
convective respiratory movement is necessary to ensure there is a large differential 
partial pressure gradient for gas exchange. These respiratory pressure, flow, and volume 
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changes do not act in isolation, instead they constantly interact with each other at all 
times (Ingram et al., 1986).  
The lungs expand and deflate in response to the respiratory muscles that actively drive 
negative pressure swings within the pleural cavity resulting in a differential pressure 
gradient from the pleural cavity to the external atmosphere, a driving pressure which 
causes gas to flow into the airways (Ratnovsky et al., 2008; Suki et al., 2011). To attain 
these pressure swings, the respiratory muscles work to overcome the two main sources 
of impedance. The first is the static elastic forces of the lung parenchyma and chest 
wall. The second is the dynamic resistive forces generated by the movement of gas 
through airways and non-elastic deformation of tissue (Roussos et al., 1986).  
The static elastic work of breathing can be calculated through the use of static 
compliance curves. The compliance curves define the ease with which the lungs, chest 
wall and total respiratory system can be expanded. These curves are used to quantify the 
static elastic work of breathing (Figure 1.1). Through evaluating intra-pleural pressure, 
by the use of an oesophageal probe, and alveolar pressure, transthoracic, 
transpulmonary and transrespiratory pressures are measured over different resting 
volumes to attain these compliance curves. The work of breathing is equal to integrated 
product of pressure applied and the resultant volume attained. This is analogous to two 
dimensional work being the product of force applied and distance moved. Therefore, 
through integration of these compliance curves over the volumes where breathing 








Figure 1.1: Illustrative figure representing elastic work of breathing from areas covered 
by static relaxation pressure-volume curves (total respiratory system, lung and chest 
wall) and zero pressure axis. Area RCWB is the negative elastic work stored in the chest 
wall (diagonal hatched). Positive elastic work (horizontal hatched) includes two parts; 
area RLTB is the pulmonary elastic work during tidal volume changes between V1 and 
V2, and RSB represents elastic work of the total respiratory system, which is the 
difference between pulmonary and chest wall elastic work. Point A represents the 






1.3 RESPIRATORY DISEASE STATE: A CHRONIC PATHOLOGICAL 
ANALOGUE 
As previously stated chronic respiratory disease states are one way in which respiratory 
mechanics are altered. These can be broadly classified as either obstructive or restrictive 
according to their mechanical impediment, with the former modifying flow resistive 
while the latter modifies elastic work (Guenette et al., 2007). Restrictive disorders 
provide a pathological analogue for chronic thoracic loading, and have several effects 
on breathing mechanics. Intra pulmonary diseases, for example, interstitial lung disease 
results in the lungs becoming stiffer and thereby increasing the elastic work of 
inspiration. While extra pulmonary diseases reduce lung expansion indirectly through 
disease of the pleura or chest wall, or respiratory muscle weakness (Tomczak et al., 
2011). The characteristic of change with intra pulmonary restrictive disease is a 
reduction in lung volume and an increased lung recoil pressure. The characteristic of 
change with extra pulmonary restrictive disease is a reduction in the magnitude of 
pressure swings which in turn limits the expansion volume of the lung. (Pride et al., 
1986). Small tidal volumes and high frequencies are used to maintain ventilation at low 
lung volumes and cause an increase in the static elastic work of breathing (Harris, 
2005). This added respiratory muscle work can lead to continuous muscle fatigue 
resulting in exertional dyspnoea and a diminished exercise capacity. The specific 
causative mechanisms are still poorly understood (Tomczak et al., 2011). Therefore, as 
aforementioned a central focus of this research will be to explore analogues changes 
that may be induced during chest wall restriction and thoracic load carriage. 
1.4 IMPACT OF CHEST WALL RESTRICTION ON RESPIRATORY 
MECHANICS 
Modelling chest wall disease states, in particular restrictive disease is achieved in the 
laboratory via an acute, yet reversible, application of elastic or non-elastic thoracic 
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compression of the thorax. (Coast et al., 2004; O'Donnell et al., 2000; Tomczak et al., 
2011). Non-elastic chest restriction stops the chest expanding at a specific volume. 
Elastic chest restriction increases the force required to expand the chest but does not 
absolutely limit expansion. Depending on the disease, either one of these forms of chest 
restriction can more accurately mimic the restrictive mechanical abnormalities the 
diseases cause, while carrying loads on the thorax would have components of both 
(Coast et al., 2004). 
Chest wall restriction, even at rest, changes respiratory mechanics similar to that seen in 
restrictive diseases. The most notable effects are changes in lung volumes; decreases in 
vital capacity, total lung capacity and functional residual capacity. The extent of these 
decreases is dependent on the degree of chest wall restriction, but can be reduced by 
greater than 30% (Gonzalez et al., 1999). These volume based changes are also 
accompanied by changes in characteristics of flow and pressure. An increase in the 
maximal expiratory flow with chest wall restriction at low lung volumes, where flow is 
largely effort independent, indicates an increase in lung static recoil. At 50% of total 
lung capacity the lung static recoil pressure increased from 5.0 to 9.3 cmH2O this is 
postulated to be due to low lung volume breathing rather than directly due to chest wall 
restriction. (Klineberg et al., 1981; Sybrecht et al., 1975). Another major alteration to 
the pressure characteristics of respiratory mechanics is an increase in the total work of 
breathing with increases in inspiratory elastic and flow resistive work (Tomczak et al., 
2011). These changes to pressure, volume and flow characteristics cause further 
respiratory mechanical alterations during exercise. In order to be more efficient, tidal 
volume is decreased and there is compensatory increase in breathing frequency to 
maintain arterial oxygen partial pressure and arterial carbon dioxide partial pressure. 
When tidal volume and breathing frequency are externally controlled there is an 
Page 20 
 
increase in oxygen uptake throughout different exercise loads with the application of 
chest wall restriction (Gonzalez et al., 1999). 
These chest wall restrictions alter respiratory mechanics, forcing the respiratory muscles 
to perform more mechanical work. Compounding this, they are no longer be able to 
work over their optimal length tension relationship (Faghy et al., 2014). 
Electromyographic analysis of the inspiratory muscles, in particular the external 
intercostals, shows a significant increase in activity with chest wall restriction 
(Gonzalez et al., 1999). With chest wall restriction, diaphragm fatigue ensued at low 
submaximal levels 45% of maximal aerobic power to the extent that is usually only seen 
when exercising above 85% of maximal aerobic power. It is suggested that possible 
contributing factors to diaphragm fatigue, along with increased work, may be an 
increasing concentration of circulating metabolites and/or a reduced blood flow to the 
diaphragm (Tomczak et al., 2011). With chest restriction it has also been shown there is 
a drop in the blood oxygen saturation during exercise possibly further contributing to 
fatigue (Harty et al., 1999; Klineberg et al., 1981; Miller et al., 2002; O'Donnell et al., 
2000). 
1.5 IMPACT OF LOAD CARRIAGE ON RESPIRATORY MECHANICS 
Chest wall restriction is also a major consequence of load carriage (Dominelli et al., 
2012a). While there is extensive research on chest wall restriction independent of load 
carriage (Tomczak et al., 2011), this research is only informative as to how thoracic 
load carriage will alter respiratory mechanics. At present the specific impact of load 




Basic flow-volume alterations to respiratory mechanics with thoracic load carriage were 
first reported with reductions in forced vital capacity, forced expiratory volume in one 
second, and 15 second maximal voluntary ventilation (Legg et al., 1985). These 
alterations indicate induced respiratory limitations similar to those seen in chronic 
restrictive respiratory disease states but having been induced in an acute form. Another 
study used increasing loads to better understand the direct relationship between load 
carriage and respiratory system limitations. With increasing load (0, 10, 30 kg), 
decreases in forced vital capacity and forced expiratory volume in one second were 
found, while 15 second maximal voluntary ventilation decreased with 10 kg load but 
had no further decrement with the 30 kg load (Muza et al., 1989). Recently, further 
studies on load carriage and respiratory function have reported reductions in forced vital 
capacity and forced expiratory volume in one second greater in magnitude with 
increased load accompanied by a decrease in tidal volume and an increase in breathing 
frequency during exercise. These functional changes are largely due to a decrease in end 
expiratory lung volume caused by the load induced chest wall restriction (Brown et al., 
2012; Dominelli et al., 2012b; Faghy et al., 2014; Legg et al., 2004) 
Along with basic flow-volume changes, it is expected that changes in respiratory 
pressures which alter the work of breathing and intra-thoracic pressure due to the 
considerably greater metabolic and ventilatory requirements with load carriage will 
occur (Brown et al., 2012). Dominelli et al. (2012) investigated these increases in work 
of breathing with load carriage and found an increase in the power of breathing, 
however, it was not disproportionate with increased minute ventilation. They proposed 
that the mass carried (35kg) was not sufficient to cause an increase in work of breathing. 
Faghy et al. (2014) reported a reduction in the pressure that could be generated in both 
inspiration and expiration that was further exacerbated after exercise, and they attributed 
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this reduction to respiratory muscle fatigue. Electromyographic analysis of the 
sternocleidomastoid and external intercostals showed an increased muscle activity with 
load and exercise, which would support load carriage induced respiratory muscle fatigue 
(Nadiv et al., 2012).  
The influence of load distribution around the thorax is limited to volume based changes 
to respiratory mechanics, highlighting the need for more in depth analysis. With a 15 kg 
backpack a ‘tighter fit’ magnified the detrimental effect on respiratory mechanics and 
introduced flow reductions that were not seen with a ‘loose fit’. Reductions in low lung 
volume flow observed in this study may have resulted in alveolar hypoventilation which 
could explain the decrease in arterial oxygen saturation seen with chest wall restriction 
(Bygrave et al., 2004). The difference between double strap (conventional over the 
shoulders) and single strap (across the chest) backpacks was also investigated and it was 
found that even with light mass (6 kg) there were still respiratory mechanical alterations 
in vital capacity and mild reductions in forced expired volume in one second that was 
exacerbated in the single strap backpack. These changes may have been due the single 
strap backpack being secured more tightly for stability and the tightness may have 
caused the increased alterations in mechanics (Legg et al., 2004). The effect of body 
armour has only been investigated in relation to basic respiratory cost showing 
increased minute ventilation and oxygen uptake while exercising lightly wearing an 11 
kg body armour (Majumdar et al., 1997). Therefore the current research has 
investigated circumstances where loads are carried in non-conventional manners, such 
as body armour loading in the military. 
During load carriage energy is proportioned to the support and movement of the 
external load increasing the metabolic demand while diminishing the capacity to 
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perform external work (Taylor et al., 2016). This principle is illustrated in Figure 1.2 
demonstrating the proportional impact carrying loads has on oxygen consumption, as 
the overall mass ratio is increased the metabolic rate/oxygen consumption increases 
(Phillips et al., 2016c; Taylor et al., 2012; Taylor et al., 2016). Similarly, a recent 
review reported a group response to carrying a 50 kg backpack showing an elevation to  
the group average oxygen cost of route marching on flat ground by about 850mL per 
minute (Taylor et al., 2016). Previous studies have investigated the impact load carriage 
has upon the function of the respiratory system by increasing the load while maintaining 
the same fixed exercise stimulus. As aforementioned there is then a change in the 
metabolic demand and the respiratory system adapts to meet this increased demand 
(Taylor et al., 2016). In order to partition the impact load has on respiratory function 
without increased metabolic demand a careful study design must be employed. This 
means the exercise stimulus needs to be set at a percent of maximal aerobic power 
rather than at a fixed external workload. Therefore the current research has set exercise 
at not only a fixed workload but also at 30 and 60 percent of maximal aerobic power in 
order to partition the impact load has on respiratory function. 
1.6 SUMMARY 
The physiological impact of thoracic load carriage on respiratory mechanics has only 
partially been investigated. A comprehensive analysis of volume, flow and pressure 
characteristics of respiratory mechanics is yet to be performed. In depth measurements 






Figure 1.2 The proportional impact of carried loads. Data are from steady-state walking 
(circles, N = 20) and bench-stepping trials (triangles, N = 20) conducted in each of two 
loaded states: control clothing (running shoes, shorts, t-shirt) plus self-contained 
breathing apparatus (11.3 kg; open symbols) and wearing the complete personal 
protective clothing and equipment worn by firefighters (average added mass 19.8 kg; 
filled symbols). Each point is a relationship coordinate (oxygen consumption versus 
overall mass) for the person-specific ratio of the value measured in each loaded state to 
that obtained from the same activity performed without a load (control clothing). These 
data were taken from (Taylor et al., 2012). with permission of Eur. J. Appl. Physiol., 
vol. 112,©2011 Springer and the lines show the least-squares, best-fit linear regression 
with 95% confidence intervals (dashed; r2 = 0.722). To help reveal the mass-dependent 
nature of this relationship, two individuals are identified (semi-nude body mass); the 
lightest person within the more heavily loaded trial (filled symbols), and heaviest 




oxygen consumption, arterial oxygen saturation and respiratory muscle fatigue should 
be of high priority. Varying load placement and its mass should also be compared using 
realistically applied masses in both resting and exercising conditions to investigate 
critical thresholds and relationships between load carriage and respiratory mechanics. 
Furthermore, to fully understand the interactions of backpack borne loads and load 
carriage on the chest, it is essential to partition load carriage into loaded chest wall 
restrictive elements. Previous chest wall restriction research is only informative, a 
realistic representation of how the chest is restricted with load carriage is needed. 
Lastly, the impact load has on respiratory function should be separated to investigate the 
impact without increased metabolic demand. The current series of experiments 
addresses these gaps through three studies. 
Study 1 (Chapter 2) investigating load carriage, respiratory mechanics and maximal 
exercise.  
Study 2 (Chapter 3) investigating load carriage, respiratory mechanics and 
submaximal exercise.  
Study 3 (Chapter 4) investigating load carriage, tissue compliance and the elastic work 
of breathing.  
Each of these experiments also addresses the themes of load (Phase One), load 
distribution (Phase Two) and chest restriction (Phase Three). 
A subset of participants was involved in every study giving a comprehensive analysis 
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2.0 CHAPTER TWO: LOAD CARRIAGE, RESPIRATORY 
MECHANICS AND MAXIMAL EXERCISE 
2.1 INTRODUCTION 
When embarking on maximal exercise, muscle power output is sustained through the 
oxidative production of adenosine triphosphate (ATP) in the mitochondria and its 
subsequent breakdown for energy. For this process to occur oxygen is delivered to the 
working muscle by the cardiopulmonary system (Hill et al., 1924; Levine, 2008). 
Muscular fatigue is frequently considered to be dependent on this convective oxygen 
transport to the working muscle (Bassett et al., 1997; Levine, 2008; Saltin et al., 1992). 
Consequently, a reduction in the oxygen supply causes increased peripheral and central 
based muscle fatigue. This occurs through an increased accumulation of metabolic by 
products that interfere with excitation contraction coupling within myocytes. (Amann et 
al., 2008). Therefore the maximum oxygen uptake, the highest rate at which the oxygen 
can be taken up and utilised by the body during maximal exercise (Hill et al., 1924), .is 
frequently used as both an indicator of general cardiorespiratory fitness and maximal 
exercise performance (Bassett et al., 2000; Shephard et al., 1968). Maximal oxygen 
uptake, however, could be impeded at any point along its path from the atmosphere to 
the mitochondria. The oxygen carrying capacity of the blood, skeletal muscle 
characteristics, cardiovascular system and respiratory system each could act as a 
potential site of impairment to maximal oxygen uptake and maximal exercise 
performance and tolerance (Bassett et al., 2000). Although the oxygen carrying capacity 
of the blood can be altered, through the increase of haemoglobin levels, it is not a 
common occurrence (Ekblom et al., 1976) and therefore was not be investigated in the 
current study. Similarly, skeletal muscle characteristics such as; diffusion gradients, an 
increased content of mitochondria, and capillary density are not of interest as, although 
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they have been shown to help with endurance, they have been shown to have a minimal 
effect on maximal oxygen uptake in vivo (Andersen et al., 1977; Bassett et al., 2000; 
Holloszy et al., 1984; Honig et al., 1992). This is consistent with the view that maximal 
oxygen uptake is limited by oxygen delivery rather the muscle oxygen use, and hence 
the cardiovascular and pulmonary system are of primary interest (Holloszy et al., 1984). 
During maximal exercise, the cardiovascular system adjusts to meet the significant 
increase in muscular demand for oxygen, through a directly proportional increase in 
cardiac output (González‐Alonso et al., 2008). This is achieved through simultaneous 
increases in both heart rate and stroke volume, at least initially. However, before the 
point of exhaustion, cardiac output begins to plateau, driven by limitations to stroke 
volume (Åstrand et al., 1964). It is generally accepted that the cardiovascular system, in 
particular the stroke volume, is the primary limiting factor to maximal oxygen uptake 
and maximal exercise in untrained and trained individuals (Bassett et al., 1997; Bassett 
et al., 2000; Saltin et al., 1992). 
In contrast to the cardiovascular system, the respiratory system is not considered a 
major limiting factor to maximal oxygen uptake and maximal exercise in the non-
pathological state (Bassett et al., 2000). This is due to the capacity of the pulmonary 
system to meet the associated ventilation and gas exchange demands with a reserve 
even during very strenuous exercise (Dempsey, 1986). The ventilation for metabolic 
demand is achieved through a simultaneous increase in exercising tidal volume and 
breathing frequency to a point when tidal volume no longer increases and breathing 
frequency becomes the driving factor behind the excess in ventilation (Amann, 2012; 
Owles, 1930). During strenuous exercise, Dempsey et al. showed there is only a small 
increase in alveolar to arterial oxygen difference from rest which does not compromise 
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the rate of oxygen diffusion into the blood. Furthermore, alveolar hyperventilation 
enables a widening of the alveolar to arterial oxygen difference (Dempsey et al., 1999). 
The effect is an almost unchanged arterial partial pressure of oxygen from rest through 
to maximal exercise, and only a small reduction in arterial haemoglobin saturation, due 
to increases in core temperature and metabolic acidosis (Amann, 2012). Additionally, 
during maximal exercise, airway resistance and lung compliance remain near resting 
levels, with less than 10% of both maximal oxygen consumption and cardiac output are 
required for breathing. The increase in respiratory work at maximal exercise does divert 
and reduce muscle blood flow this, however, only has a minor impact as minimal blood 
flow is required for this increased respiratory work (Aaron et al., 1992; Harms et al., 
1998). However, in some highly trained athletes where cardiovascular improvements 
have occurred and blood flow has increased to the point where hypoxemia has occurred, 
it is possible for the metabolic requirement of maximal exercise to reach the functional 
capacity of the pulmonary system (Dempsey et al., 1984). This compromises the arterial 
oxygenation and limb blood flow, and therefore will limit maximal exercise through 
inadequate oxygen perfusion to the working muscle (Dempsey et al., 1984; Harms et 
al., 1997; Williams et al., 1986). Additionally, in multiple pathological states, restrictive 
or obstructive, the pulmonary system may be limited, reducing, or even completely 
removing, the aforementioned pulmonary reserve, and thereby limiting maximal 
exercise (Tomczak et al., 2011). 
While the respiratory system does not normally limit maximal exercise there are 
instances where this does occur. Interestingly carrying an external load while exercising 
maximally places the body under an added stress that could limit the pulmonary system 
in a similar way to pathological states (Goldman et al., 1962; Tomczak et al., 2011). 
The centre of gravity is the most metabolically efficient place to carry loads. However, 
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torso loading places the respiratory system under physiological strain, which must 
accommodate not only the exercise itself, but also the metabolic demand of the load and 
the chest wall restriction it imposes (Legg et al., 1985; Muza et al., 1989). As a result, 
maximal exercise may be adversely affected, firstly due to a direct decrease in the 
maximal oxygen uptake. Secondly, there could be a decrease in the ability to sustain 
work at high aerobic power. Lastly, there may be an increase in the oxygen cost 
associated with carrying the load (Peoples et al., 2016). Understanding how load 
carriage alters this underlying physiology of strenuous and maximal exercise is 
important, as load carriage and physical exercise are core requirements in various 
occupational settings such as the military, firefighting and search and rescue (Knapik et 
al., 2004; Louhevaara et al., 1986; Taylor et al., 2016). This excess load carried can 
vary from 5 kg in the recreational setting up to 75 kg in certain military operations (Orr, 
2010). Furthermore, due to the time sensitive nature of such occupations, in many 
instances, personnel must work near to maximally while carrying these heavy loads 
(Phillips et al., 2016c). 
Investigations into how the underpinning physiology accommodates to maintain 
homeostasis during maximal exercise with load carriage have been carried out using 
incremental treadmill tests to exhaustion (see Table 2.1). With the addition of external 
load carried about the thorax in the form of either a weighted vest or as firefighter 
personal protective clothing and equipment there was a significant decrease in exercise 
tolerance time when completing an incremental test to exhaustion. However, significant 
decreases in peak physiological responses, such as participant’s peak aerobic power and 
heart rate were generally not observed when carrying 19.86 kg, 22 kg and 25.9 kg of 
external load (Louhevaara et al., 1995; Peoples et al., 2016; Taylor et al., 2012). In 
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Table 2.1: Thoracic load carriage and physiological maximal exercise performance: evidence from the literature 
Author Condition N Protocol Outcome V̇02 Peak 
Louhevaara et al., 1995 PPE and SCBA (25.9 kg) 12 males Incremental exercise to exhaustion ↓Tolerance times 
No change V̇O2 
Peak 
Eves et al., 2005 PPE and SCBA (26 kg) 12 males Incremental exercise to exhaustion ↓Tolerance times ↓ V̇O2 Peak 
Dreger et al., 2006 PPE and SCBA (operating) (21.4 kg) 12 males 
Incremental exercise to 
exhaustion (with SCBA 
operation) 
↓ Peak V̇E, ↓VT ↓ V̇O2 Peak 
Taylor et al., 2012 PPE and SCBA (19.86 kg) 
12 males 
12 females 
Incremental exercise to 
exhaustion ↓Tolerance times 
No change V̇O2 
Peak 
Walker et al., 2015 BP (10, 20, 30 kg) 
22 males, 
20 females 
Incremental exercise to 
exhaustion 
↓FEV1, ↓FVC, 
↓MVV, ↓ Peak VE 
at 20, 30 kg 
↓ V̇O2 Peak 
Peoples et al., 2016 Vest (22 kg) 12 males 
Incremental exercise 
and 30-80% peak 
oxygen consumption 
↓MVV, ↓VT,  ↑fb,    
↓ breathing reserve 
No change V̇O2 
Peak 
Phillips et al., 2016 BP (25 kg) 50 males Incremental exercise to exhaustion ↓Tolerance times ↓ V̇O2 Peak 
Phillips et al., 2016 BP (45 kg) 19 males Incremental exercise to exhaustion 
↓Tolerance times,   
↓ Peak V̇E, VT 
↓ V̇O2 Peak 
 
Abbreviations: SCBA = self-contained breathing apparatus, PPE = personal protective equipment, BP = backpack, V̇O2 Peak = peak aerobic 
power, V̇E = minute ventilation, FEV1 = forced expired volume in one second, FVC = forced vital capacity, MVV = maximal voluntary 
ventilation, VT = tidal volume;  fb = breathing frequency. 
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contrast, recent studies investigating the effect of backpack loading have shown a 
significant decrease in peak aerobic power when performing a maximal incremental 
treadmill test (Phillips et al., 2016a; Phillips et al., 2016b; Walker et al., 2015). With 
the addition of a 25 kg backpack there was a small (2.5%) but significant decrease in 
peak aerobic power (Phillips et al., 2016a). Even with the small addition of a 10 kg 
backpack, peak aerobic power was observed to be significantly reduced, and as the load 
was increased to 20 and 30 kg, the decrement was exacerbated (Walker et al., 2015). 
The discrepancy between these studies highlights the importance of more definitive 
research into external load carriage and its impact on maximal aerobic power and 
maximal exercise. Therefore, this gap in our understanding was the primary focus of 
this research stage. 
In addition to further understanding the impact of external load carriage on maximal 
aerobic power and maximal exercise, it is important to understand how the distribution 
of external load is carried on the thorax. This is because mass distributed about the 
centre of gravity (chest, back and hips), or whether it is exclusively carried on the back, 
may also alter the underpinning physiology during maximal exercise. It may follow 
that, similar to the increase in efficiency when loads are carried on the thorax as 
opposed to the extremities, there is an efficiency increase when load is distributed 
around the thorax rather than being entirely in a backpack. This could be due to a 
mechanical advantage gained by more evenly distributing the mass around the centre of 
gravity (Abe et al., 2004; Balogun, 1986; Soule et al., 1969; Taylor et al., 2012). 
Contrary to this, load distributed evenly about the thorax may further exacerbate the 
adverse effects that carrying load on the thorax in backpack already has on the 
respiratory system. There may be further increases in the inertial and elastic loading of 
the respiratory system with distributed thoracic load carriage which may cancel any 
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possible mechanical efficiency gained (Legg et al., 1985; Muza et al., 1989). At present 
no group has investigated the effects of thoracic load distribution has on maximal 
exercise and its underpinning physiology and this forms an additional focus of the 
current research. 
External load carriage and maximal exercise is an essential task to many occupations 
and is often carried out in life endangering situations. Despite the critical nature and 
commonality of these tasks there is a significant lack of physiological knowledge in the 
area. Furthermore there is discrepancy between studies as to whether there is a 
decrement to maximal aerobic power while carrying load. Only one group has 
investigated multiple loads in the same group of participants, the highest load 
investigated is 30 kg and no research has been conducted on the effect of thoracic load 
carriage distribution or the use of a military applied load carriage systems. In the present 
study, we aimed to address these limitations through the investigation of multiple loads 
carried using both backpack and a combination backpack body armour load carriage 
system currently in place in the Australian Defence Force (ADF). 
2.2 AIMS AND HYPOTHESIS 
The primary aim of this study was to assess the impact of carrying load on maximal 
exercise tolerance with specific relation to the respiratory system and aerobic power. 
The loads were firstly placed in a conventional military manner distributed through the 
backpack, and body armour and carried around the thorax. The mass was increased 
from 0-35 kg using incremental adjustments this made up phase one of the study. The 
secondary aim of this study was to investigate the influence of distribution on maximal 
exercise tolerance. Thirty-five kg was redistributed away from the centre of mass and 
placed in the backpack to investigate the effect of distribution, this made up phase two 
of the study. 
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H1. We hypothesised that, with an increase in mass carried peak oxygen 
consumption will be maintained and minute ventilation at peak oxygen 
consumption will be maintained with a higher breathing frequency but reduced 
tidal volume. 
H2. We hypothesised that, with an increase in mass carried tolerance time at the 
point of volitional exhaustion will be significantly reduced and total work 
performed will be maintained. 
H3. We hypothesised that, when the heaviest mass was redistributed away from 
the centre of mass peak oxygen consumption would no longer be maintained. 
H4. We hypothesised that, when the heaviest mass was redistributed away from 
the centre of mass tolerance time at the point of volitional exhaustion and total 
work will be significantly reduced. 
2.3 METHODS 
2.3.1 Subjects 
Fifteen male subjects (18-40 years) were recruited through the University of 
Wollongong. All subjects received a Participant Information Sheet informing them of 
the study procedures approved by the Human Research Ethics Committee (University of 
Wollongong HE15/060) and completed a Participant Screening Questionnaire and gave 
written informed consent. This ensured they had no prior medical conditions or were at 
risk of cardiovascular or pulmonary disease that would exclude them from participation 
in the study. 
Subjects completed a Physical Activity Questionnaire at the start and completion of the 
study. This was to ensure they had a highly physically active training schedule that 
included strength and power components through either weight resistance training or 
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contact/resistance sports. Subjects were excluded if they did not complete at least three 
sessions of vigorous activity making up a minimum of 180 minute per week. Subjects 
were within a healthy range for body mass index (BMI) and were anthropometrically 
similar to Australian Defence Force Personnel insuring any findings could be translated 
across to current defence force personnel  
Subjects were also excluded from participating in the study if they had a peak aerobic 
power under 50 ml/kg/minute. This categorised the subjects as physically fit and active 
in the range of recreationally trained to competitively trained (De Pauw et al., 2013). 
One subject was excluded from further testing due to not meeting the minimum 
requirement for peak aerobic power (>50 mL.kg-1.minute-1). Over the testing period 
another subject withdrew due to a musculoskeletal injury sustained independent to the 
study. Therefore 13 subjects successfully completed phase one (visits one-five), the 
influence of load. In addition, a subset of eight subjects completed phase two (visit six) 
where the influence of load distribution was addressed (see Table 2.2). 
2.3.2 Overview and Design 
This study investigated the effect of load carriage on maximal exercise tolerance using a 
control (0 kg) and three separate load conditions (phase one). A subset of subjects then 
completed one further load condition to investigate the impact of load distribution on 
maximal exercise tolerance (phase two). Subjects were required to visit the laboratory 
on five occasions for phase one and a subset of subjects completed an additional visit 
for phase two; during the first visit subjects underwent familiarisation, on four/five 
more separate occasions (with at least 72 hours between each trial) the impact of each 
load condition was assessed. During these visits subjects performed spirometry  tests 
and maximal aerobic power tests on the treadmill. A repeated latin square design 
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Table 2.2: Physical characteristics of subjects and Australian Defence Force personnel. Data are means and standard deviations. 
Variable Phase 1 Phase 2 ADF 
Number (n) 13 8 1861 
Height (cm) 181.89±7.78 180.82±4.97 178.50±6.80 
Age (years) 24.08±3.97 24.88±4.76 18-40 
Mass (kg) 81.25±9.21 77.44±4.23 82.70±12.20 
Body mass index (kg.m-2) 24.52±1.80 23.69±1.16 - 
Peak oxygen consumption:    
absolute (L.min-1) 4.55±0.35 4.50±0.33 - 
mass specific (mL.kg-1.min-1) 56.28±3.90 58.19±3.22 - 
Vigorous Exercise (sessions per week) 4.00±1.29 3.88±1.36 - 
Vigorous Exercise (minutes per week) 242±71 233±58 - 
 
Abbreviations: BMI = body mass index (body mass/(height)2 ratio), ADF = Australian Defence Force. Australian  
Defence Force anthropometric data taken from “A Preliminary Anthropometry Standard for Australian Army Equipment Evaluation” report 
(Edwards et al., 2014).
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was used where each condition follows the other conditions the same amount of times 
to counter any possible learning or training bias (see appendix for further detail). 
2.3.3 Experimental Conditions 
This study investigated the effect of load carriage on maximal exercise tolerance using a 
control (0 kg) and three/four separate load conditions. Subjects wore exercise running 
gear for all conditions. In the control condition subjects had no added load or 
equipment. Load carriage conditions were chosen to reflect the mass carried on the 
thorax in load configurations currently used in the Australian Defence Force (ADF) 
(October 16th 2014, Diggerworks, Australian Department of Defence).  
For the ADF, there are many load classifications for army personnel. Those of relevance 
to this project include: All Corps (15 kg), Load Carriage 1 - Assault Order Lower (25 
kg) and Load Carriage 1 - Assault Order Higher (35 kg). 
Phase one: The load was carried in a conventional military manner distributed through 
a backpack, and body armour, referred to as Australian Defence Force (ADF) split, with 
75% of the load on the back and 25% of the load on the chest. Loading starting at 15 kg, 
was increased by 10 kg to 35 kg so a linear mass comparison could be investigated. This 
resulted in the load carriage conditions; ADF split 15 kg, ADF split 25 kg, ADF split 35 
kg, phase one (Table 2.3/Figure 2.1). Loaded conditions ADF Split 15 kg and ADF 
Split 25 kg used the Medium Assault Backpack and Body Armour, ADF Split 35 kg 
used the All-Purpose Lightweight Individual Carrying Equipment (ALICE) Field 
Backpack and Body Armour. 
Phase two: Load was then redistributed entirely into the backpack so 100% of the load 
was carried on the back resulting in load distribution condition; Backpack 35 kg, phase 
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Table 2.3 Phase one and two design: load carriage configurations 
 
*Any configuration with more than 15 kg carried on the back uses the All-Purpose 
Lightweight Individual Carrying Equipment (ALICE) Back Pack with additional weight 









Condition Components Mass (kg) 
Additional Mass (kg) Overall 
Mass 
(kg) Chest Back Total 


































































Figure 2.1 Phase one: (A) load carriage conditions: ADF split 15 kg and ADF split 25 
kg used the medium assault backpack, and (B) load carriage conditions ADF split 35 kg 








two (Table 2.3/Figure 2.2). Backpack 35 kg used only the All-Purpose Lightweight 
Individual Carrying Equipment (ALICE) Field Backpack (Figure 2.3). 
Additional mass was added to the body armour using 700 g and 1.3 kg pouch weights. 
Additional mas was added to the medium assault backpack and all-purpose lightweight 
individual carrying equipment (ALICE) field backpack using a custom designed weight 
capsules and disc weights to ensure the load was evenly distributed throughout the 
backpacks (Figure 2.4). 
2.3.4 Experimental Protocols 
2.3.4.1 Familiarisation 
Subjects were familiarised with the experiment protocol and the equipment used during 
testing. This was achieved firstly by fitting subjects with backpacks and body armour in 
accordance to Australian defence force standardised fitting procedure. Subjects then 
performed a 1-km pack march at 4.8km.hr-1 connected to the metabolic/spirometry and 
respiratory analysis equipment to familiarise them with both the treadmill and measures 
recorded throughout the tests. If there were any signs of immediate load carriage 
discomfort, such as rubbing or joint pain, adjustments were made to address this. 
Subjects performed three practice spirometry  tests to familiarise them with test protocol 
and spirometry  equipment. Lastly, in keeping with applied Australian Defence Force 
outcomes, anthropometry was recorded to ensure subjects recruited were representative 
of Australian Defence Force employees. 
2.3.4.2 Maximal Exercise Trials – Phase 1-3 
On separate occasions, with at least 72 hours between each trial, subjects were fitted 
with a load condition and connected to a two-way, non-rebreathing valve (Model 




























































Figure 2.3: Load carriage equipment (A) medium assault backpack, (B) All-purpose 
lightweight individual carrying equipment (ALICE) field backpack, (C) Body armour 

































Figure 2.4: Additional mass: (A) Body armour pouch weights 1.3 and 0.7 kg, (B) Disc 






equipment. Subjects performed spirometry tests followed by an incremental treadmill 
exercise test to voluntary exhaustion. The exercise protocol was based on a previously 
established method (Davies et al., 1984) which has been modified to ensure at low 
running speed with high loads subjects had the best chance of performing maximally. 
The test began with 5 minute of standing rest followed by 5 minute of walking at 4.8 
km.hr-1 at a gradient of 1%. The treadmill speed was then increased to 7 km.hr-1, and 
further increases of 1 km.hr-1 occurred each minute until a whole-body perceived 
exertion of 16/20 was achieved (Borg 1962a, 1962b). At this point, treadmill speed 
remained constant and the gradient was increased by 1% every minute until voluntary 
exhaustion. Subjects then performed a recovery warm down.  
2.3.5 Measurements 
2.3.5.1 Overview and Measurement Protocols 
Physiological measures were recorded continuously throughout the whole maximal 
exercise protocol. 
Spirometry tests, were performed in a standing position with a nose clip and in 
accordance to American Thoracic Society (ATS) standards (Miller et al., 2005). 
Pulmonary function tests consisted of: 
Forced Expiratory Volume in 1 second and Forced Vital Capacity Manoeuvre: 
Subjects were instructed to maximally inspire to total lung capacity. After a pause of 
less than 1 second they were prompted to expel the air from their lungs as quickly and 
forcefully as possible and continue until complete exhalation, exhaling and holding for 
at least 6 second. Subjects performed the test three times for each condition, with 2 
minute of rest between tests. 
Maximum Voluntary Ventilation manoeuvre: 
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Subjects were instructed to breathe as fast and forcefully as possible for 15 second in 
order to obtain the maximal flow of air into and out of their lungs in 15 second. This 
was achieved through simultaneous elevations of both tidal volume (VT) and breathing 
frequency (fb). Subjects performed the test three times for each condition, with 2 minute 
rest between tests. 
2.3.5.2 Spirometry Measurements  
Peak expiratory flow (PEF), maximal mid-expiatory flow rate/forced expiratory flow 
occurring in the middle 50% of exhaled volume (MMEF/FEF25%-75%), forced expiratory 
volume in 1 second (FEV1), forced vital capacity (FVC), forced expired volume in 1 
second to forced vital capacity ratio (FEV1/FVC) (Figure 2.5), Maximum voluntary 
ventilation (MVV) were recorded using the gas analysis respiratory system (TrueOne 
2400, ParvoMedics Inc., UT, USA) the highest of the three replicate measurements 
were reported. 
2.3.5.3 Physiological Measurements 
Oxygen consumption (L.min-1), carbon dioxide production (L.min-1), metabolic 
equivalent (MET), respiratory exchange ratio, percent oxygen (%), percent carbon 
dioxide (%) were recorded using the gas analysis respiratory system (TrueOne 2400, 
ParvoMedics Inc., UT, USA) Breath-by-breath data were averaged over a 5 minute 
period and recorded. 
Heart rate (fc) was obtained based on R-wave detection during ventricular depolarisation 
using a heart rate band positioned at the base of the sternum. Electro conductive gel was 
applied to the band before fitting and the heart rate monitor recorded beat by beat 
(Model RX800, Polar Electro Sport Tester, Finland). Heart rate (fc) data was averaged 











FIGURE 2.5: Schematic tracing from a spirogram for the measurement of a Forced 
Expiratory Volume in 1 Second and Forced Vital Capacity Manoeuvre.  
 
Abbreviations: FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to Forced vital capacity ratio; FEF25-75% = 









Rated perceived exertion for whole body and chest were recorded by asking “How hard 
are you exercising?” with reference to the whole body or chest. A 15-point rating of 
perceived exertion scale was used, where 6 = very, very light, 20 = very, very hard 
(Borg, 1962). 
Work (W = F.d) was calculated using the equation:  
work (J) = weight (kg) x total vertical distance travelled (m) 
Total vertical distance travelled was calculated using the equation: 
vertical displacement = distance x % grade 
2.3.5.4 Ventilatory Measurements 
Expired minute ventilation (V̇E), tidal volume (VT), breathing frequency (fb), inspiratory 
time (Ti), expiratory time (Te), and total inspiratory time (TTOT) were recorded using the 
metabolic/spirometry measurement system (TrueOne 2400 metabolic measurement 
system, ParvoMedics Inc., UT, USA) Breath-by-breath data was averaged over a 5 
minute period and reported. 
2.3.5.5 Anthropometry 
Anthropometric data collected was body mass (kg), stature (cm), and body mass index 
(BMI) recorded in accordance to the International Society for Advancement of 
Kinanthropometry (ISAK) International Standards for Anthropometric Measures 
(Marfell-Jones et al., 2012). These variables were measured using anthropometric scales 
and stadiometer (scientific level). Subjects stood on the centre of the scales (body mass) 





Spirometry tests, physiological and ventilatory measures were recorded using a 
combination of a gas analysis respiratory measurement system (TrueOne 2400 with 
spirometry upgrade, ParvoMedics Inc., UT, USA) supported by a hand-held 
pneumotachograph (Model Hand-held Pneumotachograph, Hans Rudolph Inc., KS, 
USA) and a fixed heated-pneumotachograph (Model 3813, Hans Rudolph Inc., KS, 
USA). 
2.3.5.7 Calibration 
The gas analysis respiratory system was calibrated for volume using a 3L calibration 
syringe (Model 5530, Hans Rudolph Inc., KS, USA). A pulmonary filter was attached 
to the hand-held pneumotachograph and 3L of air was run through the handheld 
pneumotachograph five times for both flow directions at variable flows (30-200 
L.minute-1) prior to testing. The 3L of air was also passed through the fixed 
pneumotachograph five times at variable flows (30-200 L.minute-1). The gas analysis 
respiratory system was then calibrated using a 2-point calibration curve using room air 
oxygen (20.95%), carbon dioxide (0.04%) and gas with concentrations of oxygen 
(15.97%), carbon dioxide (4.03%), and nitrogen (80%) prior to testing. 
2.3.6 Experimental Standardisation 
Physiological testing was conducted under regulated laboratory conditions of 22-24°C 
(room temperature), 45-70% relative humidity and 740-770 mmHg barometric pressure 
tracking external changes, specific temperature, relative humidity and barometric 
pressure were recorded for each trial. Subjects refrained from consumption of alcohol, 
tobacco, and strenuous exercise for the 12 hrs preceding these trials. Furthermore, 
caffeine was not consumed in the 2 hrs prior to testing. Subjects also consumed a meal 
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high in carbohydrates (2g.kg-1 body mass) and low in fat prior to the trial, and were 
advised to be adequately hydrated before presentation. 
Subjects were fitted with backpacks and body armour in accordance to Australian 
Defence Force standardised fitting procedure, to ensure this the principle investigator 
was trained by the ADF in the appropriate technique for fitting and wearing this 
equipment. Body armour was fitted to ensure the top of the front ballistic plate was at 
the level of the sternoclavicular notch and the back ballistic plate was at the same 
vertical level. The body armour band was then fastened to ensure minimal movement 
without causing discomfort. The backpack was then fitted: the shoulder straps of the 
backpack were adjusted so the waist band was sitting above the iliac crest. The 
backpack waist band was then fastened to ensure the backpack mass was being partially 
carried on the hips, but without discomfort. If both body armour and backpack were 
worn as in the ADF split conditions, then the body armour and backpack were fitted in 
the same manner with the backpack fitted over the top of the body armour, (Figure 2.1) 
(Diggerworks, Australian Department of Defence). 
2.3.7 Data Analysis 
Statistix 10 for Windows was used to analyse the data. For phase one, a repeated-
measures Analysis of Variance was used to compare the load carriage conditions, 
control and five ADF Split conditions to investigate the effect of load. A post hoc 
Tukey’s procedure was used for pairwise comparisons to test for differences between 
individual means. For phase two, a repeated measures Analysis of Variance was used to 
compare the load distribution conditions (Backpack 35 kg and ADF split 35 kg) to 
investigate the effect of load distribution. A post hoc Tukey’s procedure was used for 
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pairwise comparisons to test for differences between individual means. The level of 
significance was set as P<0.05 for all analyses. 
2.4 RESULTS 
2.4.1 Phase One - Load  
The objective of this experiment was to evaluate the physiological impact of load 
carriage on maximal exercise, when distributed around the torso in the conventional 
manner used by the ADF (50/50 anterior posterior split). 
2.4.1.1 Spirometry Test 
With load being distributed around the thorax in the ADF split condition, it was 
expected that spirometry would be significantly altered, and this was realised (Table 
2.4). Specifically, maximal voluntary ventilation (MVV) was significantly reduced at 
the highest load ADF split 35 kg when compared to the control (P<0.05). Significant 
decreases in forced vital capacity (FVC) and forced expiratory volume in 1 second 
(FEV1) occurred as load increased with all ADF split conditions being significantly 
reduced compared to control (P<0.05). Forced vital capacity (FVC) continued to 
significantly decrease as the load was increased (P<0.05). Forced expired volume in 1 
second/forced vital capacity ratio (FEV1/FVC) was not significantly different in any of 
the conditions indicating there was no flow restriction with the addition of load 
(P>0.05). However, there was a significant difference in both peak expiratory flow 
(PEF) and maximal mid-expiratory flow (FEF25-75%) when comparing the heaviest load 
condition, ADF split 35 kg, to control indicating there may be a high end flow 
restriction with heavy loads (P<0.05). Therefore with increasing load carried around the 
thorax spirometry is significantly altered, specifically volume restrictions are in 
encountered along with small high end flow restrictions. The effect of load on 
spirometry will be further investigated in the following chapters. 
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2.4.1.2 Standing Rest and Submaximal Exercise Physiological Variables 
During standing rest prior to the commencement of the maximal exercise capacity test, 
there was a small, non-significant increase in resting oxygen consumption as the load 
increased (Table 2.5). 
Following standing rest and during sub-maximal exercise (4.8 km.hr-1 walking) both 
absolute (L.minute-1) and mass specific (mL.kg-1.minute-1) oxygen consumption 
increased significantly when compared to control with the addition of load (P<0.05). 
However, it was not until the ADF split 25 kg condition that significance occurred 
(P<0.05). Minute ventilation also increased significantly, with load becoming 
significant at the same ADF split 25 kg condition (P<0.05). This was due to a 
significant increase in the breathing frequency rather than a change in tidal volume 
(P<0.05). The increase in breathing frequency was a result of a combined decrease in 
both inspiratory time and expiratory time leading to a decrease in total respiratory time 
(P<0.05). The respiratory duty cycle remained equivalent across all load conditions. 
Breathing reserve also decreased and there was a correspondingly significant increase 
on the breathing reserve ratio (P<0.05) (Table 2.6). This indicates that with increasing 
load, at rest and during submaximal exercise, the metabolic cost increases. The 
respiratory system accommodates for this through an increase in minute ventilation 
driven by an increase in breathing frequency. The effect of load on standing rest and 
submaximal exercise will be further investigated in the following chapters. 
2.4.1.3 Maximal Exercise Physiological Variables 
The tolerance time of the maximal aerobic power test significantly reduced with 
increasing load (P<0.05). Values from the former index were reduced by 22.3% when 
comparing the ADF split 15 kg to the control. Tolerance time continued to decrease as 
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the load increased ADF split 25 kg and ADF split 35 kg decreased by 33.0% and 41.7% 
respectively when compared to the control. Work completed (J) in the maximal aerobic 
power test also significantly reduced with increasing load, however, significance only 
occurred between the load conditions and control (P<0.05) (Table 2.7). Therefore as 
soon as an external load was introduced efficiency decreased. 
Peak physiological responses were also altered with increasing load (Table 2.7). With 
increasing load there was a significant decrease in the peak aerobic power (P<0.05). 
Though there were significantly different values from the former index the reductions 
were only 2.7% when comparing the ADF split 25 kg to the control and 4.7% when 
comparing the ADF split 35 kg to the control. Peak heart rate was also significantly 
reduced when comparing ADF split 15 kg to the control (P<0.05), however, this 
decrease remained equivalent across all load conditions as load increased and was also 
only a small  decrease of 4-5 beats.minute-1. Minute ventilation also decreased with 
load, however, this was only significantly different to the control when compared to the 
heaviest ADF split 35 kg condition (P<0.05). Breathing frequency, respiratory timings 
and respiratory duty cycles were equivalent across all conditions. However, tidal 
volume decreased significantly for all loaded conditions compared to control (P<0.05). 
A decrease of 0.28 L in tidal volume occurred when comparing ADF split 15 kg to the 
control and this decrease remained constant across all load conditions. While there was 
a reduction in breathing reserve as load increased it was not found to be significant 
(P<0.05). The respiratory exchange ratio was well above 1.10 in all conditions, meeting 




2.4.1.4 Ventilatory Response to increasing Exercise Intensity  
Throughout the maximal exercise power test as exercise intensity increased the 
corresponding changes to minute ventilation, tidal volume and breathing frequency 
were measured with each 0.5 L rise in oxygen consumption. At no oxygen consumption 
there was a significant difference in minute ventilation between load conditions 
(P>0.05) (see Figure 2.6A). Throughout the 0.5 L increases in oxygen consumption 
there was a small non-significant decrease in tidal volume between load conditions (see 
Figure 2.6B) that as previously reported became significant at peak oxygen 
consumption (P<0.05). At 2, 2.5 and 3 L of oxygen consumption  there was a 
significant increase in breathing frequency between control and the ADF split 35 kg 
conditions (P<0.05) (see Figure 2.6C) 
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2.4.1.5 Phase One – Load - Data Tables 
 
 
Table 2.4: Spirometry tests conducted for control [0 kg] and ADF Split conditions [15, 25 and 35 kg], prior to commencing maximal exercise capacity 
test. Values expressed as means and standard errors of the means (n=13). If a condition is significantly different from another it will have a different 
letter assigned i.e. significant difference between conditions is shown by differing letters (a, b, c,…). 
Variable Control ADF Split 15 kg ADF Split 25 kg ADF Split 35 kg 
MVV 15sec (L) 197.50±8.94a 184.85±5.94ab 186.32±8.27ab 171.31±8.43b 
FVC (L) 6.14±0.15a 5.83±0.12x 5.78±0.11bc 5.57±0.12c 
FEV1 (L) 4.88±0.135a 4.56±0.0923b 4.55±0.1132b 4.40±0.121b 
FEV1/FVC (%) 79.60±1.36 78.51±1.63 79.09±1.76 78.69±1.61 
PEF (L.min-1) 10.59±0.50a 10.40±0.38ab 10.17±0.37ab 9.74±0.32b 
FEF25-75% (L.min-1) 4.48±0.24a 4.09±0.23ab 4.15±0.26ab 3.92±0.25b 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 









Table 2.5: Oxygen consumption collected while resting prior to commencing maximal exercise capacity test. Data are means and standard error of the 
mean (n=13). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is 
shown by differing letters (a, b, c,…).  
Variables Control ADF split 15 kg ADF split 25 kg ADF split 35 kg 
Oxygen consumption:     
absolute (L.min-1) 0.43±0.02 0.43±0.02 0.45±0.02 0.48±0.02 
mass specific (mL.kg-1.min-1) 5.25±0.20 5.32±0.29 5.59±0.25 5.90±0.30 











Table 2.6: Physiological measures collected while exercising submaximally (walking at 4.8 km.hr-1) prior to commencing maximal exercise capacity 
test. Data are means and standard error of the means (n=13). If a condition is significantly different from another it will have a different letter assigned 
i.e. significant difference between conditions is shown by differing letters (a, b, c,…).  
Variables Control ADF split 15 kg ADF split 25 kg ADF split 35 kg 
Oxygen consumption:     
absolute (L.min-1) 1.11±0.03a 1.20±0.03ab 1.30±0.03b 1.42±0.05c 
mass specific (mL.kg-1.min-1) 13.68±0.20a 14.85±0.41ab 16.16±0.41b 17.62±0.71c 
mass specific with load (mL.kg-1.min-1) 13.68±0.20a 12.50±0.32b 12.31±0.27b 12.25±0.44b 
Minute ventilation (L.min-1) 26.02±0.96a 28.44±1.06a 31.22±0.89b 34.30±1.10c 
Breathing frequency (breaths.min-1) 22.48±1.13a 24.83±1.18ab 26.05±1.41bc 28.63±1.28c 
Tidal volume (L) 1.19±0.04 1.18±0.04 1.24±0.05 1.23±0.06 
Inspiratory time (s) 2.79±0.16a 2.52±0.14ab 2.42±0.15bc 2.18±0.13c 
Expiratory time (s) 1.61±0.10a 1.43±0.09b 1.40±0.11b 1.23±0.09c 
Total respiratory cycle time (s) 4.40±0.26a 3.95±0.22b 3.82±0.25bc 3.41±0.21c 
Respiratory duty cycle (dimensionless) 0.67±.01 0.67±0.01 0.67±0.01 0.67±0.01 
Breathing reserve (L.min-1) 171.48±9.19a 156.41±6.1ab 155.09±8.51ab 137.01±8.54b 
Breathing reserve ratio (%) 13.52±0.01a 15.60±0.01ab 17.15±0.01b 20.73±0.01c 





Table 2.7: Peak physiological measures collected during maximal exercise power test. Data are means and standard errors of the means (n=13). If a 
condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is shown by 
differing letters (a, b, c,…).  
Variable Control ADF split 15 kg ADF split 25 kg ADF split 35 kg 
Oxygen consumption     
absolute (L.min-1) 4.50±0.11a 4.46±0.09ab 4.38±0.10bc 4.29±0.10c 
mass specific (mL.kg-1.min-1) 55.59±1.08a 55.23±1.16ab 54.13±1.13bc 53.18±1.29c 
mass specific with load (mL.kg-1.min-1) 55.59±1.10a 46.51±0.85b 41.26±0.72c 37.01±0.74d 
Minute ventilation (L.min-1) 150.82±2.63a 144.73±3.74ab 145.82±3.13ab 141.70±4.67b 
Breathing frequency (breaths.min-1) 50.24±1.49 53.13±1.96 53.19±1.51 51.85±1.62 
Tidal volume (L) 3.03±0.09a 2.75±0.09b 2.76±0.08b 2.74±0.07b 
Inspiratory time (s) 1.20±0.04 1.14±0.04 1.13±0.03 1.16±0.04 
Expiratory time (s) 0.81±0.03 0.75±0.03 0.76±0.03 0.78±0.03 
Total respiratory cycle time (s) 2.01±0.06 1.89±0.07 1.89±0.05 1.94±0.07 
Respiratory duty cycle (dimensionless) 0.60±0.01 0.60±0.01 0.60±0.01 0.60±0.01 
Breathing reserve (L.min-1) 46.69±9.28 40.12±5.62 40.50±8.46 29.61±6.00 
Breathing reserve (%) 78.10±0.035 78.93±0.025 79.77±0.034 84.15±0.032 
Respiratory exchange ratio (dimensionless) 1.15±0.02 1.15±0.01 1.17±0.02 1.16±0.02 
Heart rate (beats.min-1) 195±3a 191±3b 190±3b 190±3b 
Tolerance Time (s) 727.62±26.548a 565.31±19.06b 487.69±18.88c 424.08±19.62d 



















































Figure 2.6: A – Minute ventilation as oxygen consumption increases. B – Tidal volume 




2.4.2 Phase Two – Distribution 
The objective of this experiment was to evaluate the physiological impact of load 
distribution on maximal exercise, when distributed around the torso in the 
conventional manner used by the ADF (50/50 anterior posterior split) and entirely 
in the backpack. 
2.4.5.1 Spirometry Tests 
With the change in distribution from the ADF split 35 kg condition to the 
Backpack 35 kg condition significant spirometry alterations occurred. Functional 
vital capacity significantly increased by 0.53 L, forced expired volume in 1 
second significantly increased by 0.44 L and peak expiratory force significantly 
increased by 26.6% (P<0.05). There was no significant difference in maximal 
voluntary ventilation in 15 second, maximal mid expiratory flow or forced vital 
capacity to forced expiratory volume in 1 second ratio. This indicates no change 
in flow restriction between conditions except at peak flow (see Table 2.8). 
Therefore with the change in load distribution spirometry is significantly altered, 
specifically volume restrictions and high end flow restrictions are more heavily 
encountered in the ADF split 35 kg condition compared to the Backpack 35 kg 
condition. The effect of load distribution on spirometry will be further 
investigated in following chapters. 
2.4.1.2 Standing Rest and Submaximal Exercise Physiological Variables 
At rest and during submaximal exercise (4.8km.hr-1 walking) there was no 
significant difference between ADF split 35 kg condition and the Backpack 35kg 
condition in any of the metabolic and respiratory measures recorded (see Table 
2.9/10). The effect of load distribution on standing rest and submaximal exercise 
will be further investigated in the following chapters. 
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2.4.1.3 Maximal Exercise Physiological Variables 
The tolerance time of the maximal aerobic power test was reduced when the load 
was carried entirely in the backpack, however, the decrease from ADF split 35 kg 
condition to the Backpack 35 kg condition was not significant (P<0.05). A similar 
decrease in work was observed from ADF split 35 kg condition to the Backpack 
35 kg condition and this 14.5% decrease was significant (P<0.05) (see Table 
2.11). There was also no significant difference between the ADF split 35 kg 
condition and the Backpack 35 kg condition in any of the peak metabolic and 
respiratory measures. However, both conditions obtained had a respiratory 
exchange ratio well above 1.10, meeting one criterion for a successful maximal 
exercise power test (see Table 2.11).  
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2.4.2.4 Phase Two – Distribution - Data Tables 
 
Table 2.8: Spirometry tests collected while wearing each load condition prior to 
commencing maximal exercise power test. Values expressed as means and 
standard errors of the means (n=8). If a condition is significantly different from 
another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
 
Variable ADF split 35 kg Backpack 35 kg 
MVV 15sec (L) 173.66±13.36 157.68±11.69 
FVC (L) 5.50±0.11a 6.03±0.17b 
FEV1 (L) 4.33±0.25a 4.77±0.18b 
FEV1/FVC (%) 78.76±2.53 78.98±2.40 
PEF (L.min-1) 9.61±0.56a 12.17±0.50b 
FEF25-75% (L.min-1) 3.91±0.55 4.39±0.37 
 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = 
Forced vital capacity; FEV1 = Forced expired volume in 1 sec; FEV1/FVC = 
Forced expired volume in 1 sec to Forced vital capacity ratio; PEF = Peak 
expiratory flow; FEF25-75% = Maximal mid-expiratory flow/forced expiratory flow 











Table 2.9: Oxygen consumption collected while resting prior to commencing maximal exercise capacity test. Data are means and standard errors of the 
means (n=8). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is 












Variables ADF split 35 kg Backpack 35 kg 
Oxygen consumption:   
absolute (L.min-1) 0.47±0.02 0.44±0.02 
mass specific (mL.kg-1.min-1) 6.10±0.31 5.64±0.25 
mass specific with load (mL.kg-1.min-1) 4.20±0.21 3.88±0.18 
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Table 2.10: Physiological measures collected while exercising submaximally (walking at 4.8 km.hr-1) prior to commencing maximal exercise capacity 
test. Data are means and standard errors of the means (n=8). If a condition is significantly different from another it will have a different letter assigned 















Variables ADF split 35 kg Backpack 35 kg 
Oxygen consumption:   
absolute (L.min-1) 1.43±0.03 1.37±0.03 
mass specific (mL.kg-1.min-1) 18.53±0.52 17.76±0.31 
mass specific with load (mL.kg-1.min-1) 1.4315±0.32 1.37366±0.20 
Minute ventilation (L.min-1) 34.71±1.42 34.84±0.80 
Breathing frequency (breaths.min-1) 28.81±1.95 29.04±1.09 
Tidal volume (L) 1.24±0.07 1.23±0.05 
Inspiratory time (s) 2.18±0.20 2.11±0.09 
Expiratory time (s) 1.25±0.13 1.30±0.09 
Total respiratory cycle time (s) 3.44±0.33 3.41±0.18 
Respiratory duty cycle (dimensionless) 0.66±0.01 0.65±.01 
Breathing reserve (L.min-1) 138.96±11.71 122.84±13.17 
Breathing reserve ratio (%) 0.21±0.02 0.24±0.03 
Heart rate (beats.min-1) 114±3 114±3 
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Table 2.11: Peak physiological measures collected during maximal exercise power test. Data are means and standard errors of the means (n=8). If a 
condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is shown by 
differing letters (a, b, c,…).  
Variable ADF split 35 kg Backpack 35 kg 
Oxygen consumption   
absolute (L.min-1) 4.25±0.14 4.32±0.10 
mass specific (mL.kg-1.min-1) 54.95±1.53 55.83±0.84 
mass specific with load (mL.kg-1.min-1) 37.80±1.06 38.41±0.62 
Minute ventilation (L.min-1) 142.55±7.04 147.95±4.63 
Breathing frequency (breaths.min-1) 52.79±1.78 55.33±1.82 
Tidal volume (L) 2.70±0.10 2.6934±0.12 
Inspiratory time (s) 1.14±0.04 1.09±0.04 
Expiratory time (s) 0.76±0.04 0.76±0.03 
Total respiratory cycle time (s) 1.89±0.07 1.84±0.06 
Respiratory duty cycle (dimensionless) 0.60±.0.01 0.59±0.01 
Breathing reserve (L.min-1) 31.11±7.93 9.73±14.31 
Breathing reserve (%) 0.84±0.05 1.01±0.13 
Respiratory exchange ratio (dimensionless) 1.16±0.02 1.15±0.02 
Heart rate (beats.min-1) 193±5 191±3 
Tolerance Time (s) 455±21.79 437±21.82 







The current study successfully showed; thoracic load carriage caused a dose dependent 
reduction in tolerance time and work and a small decrease in peak aerobic power at 
higher loads (ADF Split 25 kg and 35 kg) when compare to the control. Small 
significant decreases in minute ventilation were shown to be driven by a decrease in 
tidal volume rather than a decrease in breathing frequency which was maintained with 
increasing thoracic load. Finally, as oxygen consumption increased throughout the 
incremental treadmill exercise test to voluntary exhaustion while minute ventilation 
held consistent between loads breathing frequency and tidal volume where significantly 
different between loads. 
In this study it was firstly postulated that thoracic load carriage would impact peak 
exercise performance through a dose dependent reduction in tolerance time performed 
during the maximal exercise test. Maximal exercise in healthy individuals is often 
limited centrally by the cardiac output (Bassett et al., 2000) and peripheral factors such 
as oxygen diffusion with the skeletal muscle (Mortensen et al., 2008)(Wagner et al 
2008). In contrast, the respiratory system is highly effective in its role of ensuring 
pulmonary gas exchange (Stickland et al., 2012) unless circumstances, such as 
restricting the chest wall, impede its effectiveness (Coast et al., 2004; Guenette et al., 
2007). The current study showed a reduction in maximal exercise tolerance with load 
carriage that is in agreeance with previous findings (Dreger et al., 2006; Louhevaara et 
al., 1995; Peoples et al., 2016; Phillips et al., 2016a; Phillips et al., 2016b; Raven et al., 
1977; Taylor et al., 2012). Load carriage on the torso is a unique combination of 
increased mass and the independent restriction of the chest wall (Dominelli et al., 
2012b). However, the matched chest-wall restriction and the impending reduction of 
breathing reserve, has previously not explained the decrement in exercise tolerance 
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(Peoples et al., 2016) implying the mass is the primary determinant of voluntary 
exhaustion. The current study has now demonstrated that this is a dose effect as 
tolerance time was significantly reduced at all load conditions with a 22, 33 and 42% 
reduction at 15, 25 and 35 kg respectively whereby, on average for every kilogram of 
addition mass there was a 1.2% reduction in maximal tolerance time. Phillips et al 
found a similar reduction with a 30% reduction with 25 kg of additional mass (Phillips 
et al., 2016a) and a 46% reduction with 45 kg of additional mass (Phillips et al., 2016b). 
Walker et al reported 14% reduction with only 10 kg of additional mass (Walker et al., 
2015). These reductions to tolerance time are not only much greater to those seen in 
peak aerobic power but also occur almost immediately when additional load is carried 
on the thorax. As a primary result of the significant reduction in tolerance time work 
performed during the maximal exercise test was also significantly decreased in the 
current study. Similarly reductions to peak power were also reported with 25 kg and 45 
kg of additional load (Phillips et al., 2016a; Phillips et al., 2016b). When the load was 
shifted away from the centre of mass and placed entirely in the backpack while there 
was a further reduction to tolerance time it was not found to be significant. The total 
work completed was also further reduced when the load was shifted entirely into the 
backpack and this was found to be a significant decrease. It is postulated that while the 
chest is no longer carrying load the shift in load to the back places the body at a 
biomechanical disadvantage resulting in these decreases in tolerance time and total 
work performed (Carlton et al., 2014). These significant reductions in tolerance time, 
total work and peak power all will have a significant impact on maximal exercise 
performance in an applied setting. The decreased ability to work maximally for as long 
a period of time and to the same extent could have repercussions in emergency response 
occupations such as the military, fire and rescue. Therefore basing a limit of load 
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carriage in order to maintain tolerance time, peak power and total work would ensure 
those in these occupations will be able to perform maximal exercise for periods long 
enough to complete the tasks their role requires. 
In the current study it was also postulated that thoracic load carriage would not 
significantly decrease peak aerobic power. However, a small decrease in peak aerobic 
power at higher loads (ADF Split 25 kg and 35 kg) when compared to the control was 
found. Importantly, we observed a very minimal reduction to the peak oxygen 
consumption when load carriage was increased in a dose dependent manner. Previous 
studies have also demonstrated similar alterations to peak aerobic power at high loads 
and no alterations to peak aerobic power below 25 kg of mass (Louhevaara et al., 1995; 
Peoples et al., 2016; Phillips et al., 2016a; Phillips et al., 2016b; Taylor et al., 2012). 
Some studies however reported, somewhat contrary to the current findings, decrements 
to peak aerobic power with as little as 10 kg of additional mass (Dreger et al., 2006; 
Walker et al., 2015). While there does not seem to be an agreed mass at which 
alterations to peak aerobic power occur this could be due to several reasons. Firstly the 
protocol for incremental treadmill exercise tests to voluntary exhaustion was vastly 
different between studies. These protocols ranged from constant low speed with 
increased gradient to higher running speeds in combination with increasing gradients, 
with stages lengths also varying from 1-3 minutes. As a result incremental treadmill 
exercise tests to voluntary exhaustion lengths ranged from 6 minutes to over 25 minutes 
(Phillips et al., 2016a; Walker et al., 2015). The current study aimed to keep 
incremental treadmill exercise tests to voluntary exhaustion between 8-16 minutes to 
ensure voluntary exhaustion would occur as a result of reaching peak aerobic power 
rather than another source of fatigue. Secondly, the number of subjects between studies 
varied from 12 to 50, the studies with higher subject numbers showed small but 
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significant decreases to peak aerobic power at lower loads. Finally, the distribution of 
load could also be a factor in the discrepancy between studies for at what load a 
significant decrease to peak aerobic occurs. Thoracic loading has been conducted using 
personal protective equipment/self-contained breathing apparatus, backpacks, vests and 
a combination of backpack and body armour which may have a significant influence on 
peak aerobic power. In the current study a 35 kg load was carried in two distribution 
conditions and no significant difference to peak aerobic power was found. This 
however, does not rule out the impact thoracic load distribution could have on peak 
aerobic power, just that there is no significant difference to peak aerobic power when 
carrying load in an ADF Split or entirely in a backpack. While there is some 
discrepancy between studies for at what load a significant decrease to peak aerobic 
occurs what is clear is that peak aerobic power is significantly decreased by higher 
thoracic loads (Dreger et al., 2006; Eves et al., 2005; Phillips et al., 2016a; Phillips et 
al., 2016b; Walker et al., 2015). The current study indicates that in a backpack body 
armour combination, currently in use in the Australian Defence Force, this decrease to 
peak aerobic power will not occur at thoracic loads below 25 kg but will be evident at 
thoracic loads above 25 kg. Regardless of at what thoracic load peak aerobic power is 
affected, the decreases reported in the current study and pervious literature while being 
significant statistically may not be as physiologically significant. The current study 
shows only a 2.6% decrease in peak aerobic power with 25 kg of additional mass and a 
4.3% decrease with 35 kg of additional mass. Similar scale reductions have been 
previously reported; a 2.5% reduction with 25 kg of additional mass and a 9.8% 
reduction with 45 kg of additional mass (Phillips et al., 2016a; Phillips et al., 2016b). 
Ultimately, only at much higher loads, 45 kg is the respiratory system limited enough to 
possibly cause a evident decrement to maximal exercise performance. Therefore the 
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reductions to tolerance time, peak power and total work previously discussed are of 
more concern when examining thoracic load carriage and maximal exercise 
performance. 
How the respiratory system is able to essentially maintain peak aerobic power with only 
minor decreases with load is due to the respiratory systems inherent reserve capabilities 
(Stickland et al., 2012) and its ability to adapt to the thoracic load. The respiratory 
system can maintain the ventilatory requirements of maximal exercise through 
manipulation of respiratory mechanics. The current study showed that even with 15 kg 
of additional mass while there was no significant change to peak aerobic power the tidal 
volume at peak aerobic power had a significant 8% decrease a slight compensatory 
increase in breathing frequency to maintain minute ventilation. Phillips et al reported a 
similar 6% decrease in tidal volume with 25 kg of additional thoracic load and a slight 
compensatory increase in breathing frequency. However, there came a point where the 
peak minute ventilation significantly decreased and this is when significant decrements 
to peak aerobic power were reported (Phillips et al., 2016a; Phillips et al., 2016b). 
Decreases in minute ventilation are possibly due to the chest restriction that the thoracic 
load imposes which may be evident through the decreases seen in tidal volume and 
supported by reported reductions in forced vital capacity when carrying a thoracic load 
(Bygrave et al., 2004; Dominelli et al., 2012b; Muza et al., 1989). This imposed chest 
restriction may pose a mechanical disadvantage to the respiratory muscles that would 
become more significant during maximal exercise. 
Load carriage on the torso also reduced the maximal voluntary ventilation. This agrees 
with previous reports that as little as 10 kg carried on the torso affects maximal 
voluntary ventilation (Legg, 1988; Muza et al., 1989) and increasing the load to 30 kg 
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elicits further decrements in spirometry (Walker et al., 2015). When breathing reserve is 
reduced to <10% of maximal voluntary ventilation, as we observed in the current study, 
fatigue processes, respiratory in origin, may contribute to decreases in maximal exercise 
tolerance and peak aerobic power. A reduction in the pressure that could be generated in 
both inspiration and expiration that was further exacerbated after load carriage exercise 
was reported and attributed this reduction to respiratory muscle fatigue (Faghy et al., 
2014). Furthermore, electromyographic analysis of accessory respiratory muscles 
demonstrated increased muscle activity during load-carriage, which would support load 
carriage induced respiratory muscle fatigue (Nadiv et al., 2012). However, despite a 
reduction breathing reserve, we did not measure diaphragmatic fatigue, although 
artificial stimulation via the phrenic nerve might be an excellent approach for 
determining such a perturbation. 
Increased respiratory muscle work and fatigue could be a more significant contributing 
factor to the reported decrease in peak aerobic power rather than insufficient ventilation 
When peak end tidal carbon dioxide and the ratio of alveolar ventilation to carbon 
dioxide production were measured there were no significant differences seen with high 
thoracic loads (Phillips et al., 2016b). This implies that ventilation was sufficient to 
maintain blood gas homeostasis and avoid alveolar hypoventilation therefore providing 
an appropriate ventilatory requirement for metabolic demand (Phillips et al., 2016b). 
During high intensity cycling exercise increased respiratory muscle work as a result of 
an increased work of breathing caused a redirection of blood flow away from the 
locomotor skeletal muscle to the respiratory muscles, through sympathetically mediated 
vasoconstriction (Harms et al., 2000). Furthermore it has been shown up to 14-16% of 
cardiac output is directed to the respiratory muscles during maximal exercise and 
therefore and changes to this would significantly compromise blood flow to locomotor 
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muscles and thereby be instrumental in the reduction of peak aerobic power (Harms et 
al., 1998). 
The modifications to tidal volume and breathing frequency with load seen at peak 
minute ventilation were also evident as oxygen consumption increased throughout the 
incremental treadmill exercise test to voluntary exhaustion. While minute ventilation 
held consistent between loads breathing frequency and tidal volume where significantly 
different between loads with dose dependent decrease in tidal volume with load and a 
dose dependent increase in breathing frequency. These sources of ventilatory constraint, 
while wearing various load combinations on the torso, beyond a simple reduction in 
breathing reserve (Guenette and Sheel 2007) or reported modification of breathing 
pattern (Liu 2007), will be explored next in this thesis. As such the physiological 
consequences of respiratory fatigue in the form of exercise intolerance can be further 
interpreted with careful evaluation of contributing factors. 
Load carriage and physical exercise are core requirements in various occupational 
settings such as the military, firefighting and search and rescue (Knapik et al., 2004; 
Louhevaara et al., 1986). Due to the time sensitive nature of such occupations, in many 
instances personnel must also work maximally aerobically while carrying these heavy 
loads (Phillips et al., 2016c). As discussed the alterations of most concern with load 
carriage and maximal exercise are the reductions caused to tolerance time, peak power 
and total work performed. While at heavy loads peak aerobic power is significantly 
reduced this may not be physiologically significant. How the respiratory system 
specifically adapts to thoracic load and maximal exercise with reductions in maximal 
voluntary ventilation, breathing reserve and tidal volume and increases in breathing 
frequency can be explored further at submaximal workloads. Furthermore, the 
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reductions in maximal exercise performance reported in this chapter not only effect high 
intensity tasks but also impacts on lower intensity tasks by raising their relative task 
intensity (Drain et al., 2016). This therefore underpins the research questions of the next 
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3.0 CHAPTER THREE: LOAD CARRIAGE AND RESPIRATORY 
MECHANICS DURING SUBMAXIMAL EXERCISE 
3.1 INTRODUCTION 
3.1.1 Conceptual Overview 
The influence of load carriage on physiological function at rest and during exercise has 
been of primary interest for over 150 years (Cathcart et al., 1923; Munson, 1902; 
Parkes, 1866), and specifically in relation to military personnel. Load carriage increases 
physiological strain for a given work rate (Taylor et al., 2016). This was clearly 
demonstrated in the previous chapter by the increased cardiorespiratory and metabolic 
demand for any given increase in mass. As a consequence, maximal exercise tolerance 
was dramatically reduced, as supported by previous studies (Peoples et al., 2016; 
Phillips et al., 2016b; Walker et al., 2015). 
During load carriage, energy is proportioned to the support and movement of the 
external load, increasing the metabolic demand while diminishing the capacity to 
perform external work (Taylor et al., 2016). The thorax is the most metabolically 
efficient place to carry a load, as it is closest to the centre of gravity (Abe et al., 2004; 
Balogun, 1986; Soule et al., 1969; Taylor et al., 2012). Nonetheless, this leads to a 
physiological conundrum, as the most efficient position for load placement also subjects 
the respiratory system to both restrictive and inertial forces, and the is demand is greater 
under increased physiological strain. As a consequence, the respiratory system must 
accommodate both the increased metabolic demand of load carriage in combination 
with added inertia and chest wall restriction (Blacker et al., 2009; Legg et al., 1985; 
Muza et al., 1989). 
Recent technological advancements have increased the amount of load carried both 
within a military and civilian context (Orr, 2010), and these loads, on some occasions, 
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are carried for extended durations, albeit at submaximal exercise intensities (Blacker et 
al., 2009). Therefore, research conducted to gain a thorough understanding of how load 
impacts upon the function of the respiratory system during submaximal exercise is of 
critical importance. The majority of studies in this area have focused on investigating 
the metabolic cost of load carriage during protracted submaximal exercise very few 
have examined the additional impact load carriage has upon the function of the 
respiratory system. In this Chapter, these physical interactions are covered within three 
experimental phases. 
3.1.2 Phase One – Load 
In the first instance, the impact that load carried around the chest wall have on static and 
dynamic lung volumes was explored. Spirometric analyse demonstrates that the 
mechanical constraint that backpack loads impose on the thorax through decrements to 
respiratory volumes: forced vital capacity (FVC), forced expired volume in one second 
(FEV1), and maximal voluntary ventilation in 15 seconds (Muza et al., 1989). These 
resting pulmonary functions have recently been reinvestigated by multiple groups 
(Table 3.1). Reductions in forced vital capacity of 4% with 25 kg backpacks (Faghy et 
al., 2014) and 9% reductions with 30 kg backpacks were reported (Walker et al., 2015). 
Similar reductions in forced vital capacity of 3, 5 and 8% were reported with increasing 
backpack loads 15, 25 and 35 kg (respectively), within the same group of participants 
(Dominelli et al., 2012b). In contrast, the most recently findings only report a 5% 
decrease in FVC with a 45 kg backpack (Phillips et al., 2016b). 
Despite the obvious reductions in lung volume, respiratory flow limitations are not 
always evident. Specifically, flow volume loops, FEV1/FVC ratio, peak expiratory flow 
(PEF) and maximal mid-expiratory flow (FEF25-75%) all showed no adverse impact to 
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Table 3.1: Thoracic load carriage, submaximal exercise and the respiratory system: evidence from the literature 
Author Condition N Protocol Response to load carriage 
Muza et al., 1989 BP (Control, 10, 30kg) 5 males Resting Spirometry ↓FVC, ↓FEV1, ↓MVV,  FEV1/FVC 
Ruby et al., 2003 BP (Control, 16kg) 8 males,  5 females Simulated escape route evacuation ↓Trial Time, ↑Vo2 
Dominelli et al., 2012 BP (Control, 0, 15, 25, 35kg) 7 males 
Submaximal treadmill walking, 
spirometry tests 
↓FVC, ↑POB, ↓EELV, ↓Calculated 
MVV,   PEF, FEF25-75% 
Faghy et al., 2014 BP (Control, 25kg) 19 males 
60 minute treadmill walk at 6.5 km.hr-1 
followed by 2.4km time trial, 
spirometry tests 
↓FVC, ↓FEV1, ↓PIMAX, ↓PEMAX,  
  FEV1/FVC,  PEF 
Walker et al., 2015 BP (10, 20, 30kg) 22 males, 20 females 
4.8km time trial, Incremental exercise 
to exhaustion, spirometry tests 
↓FEV1, ↓FVC, ↓MVV, ↓V̇o2 Peak, 
↓PeakV̇E at 20, 30kg 
Faghy et al, 2016 BP (Control, 0, 10,15, 20kg) 8 males 60 minute treadmill walk at 6.5 km.hr
-1  PIMAX,  PEMAX 
Phillips et al., 2016 BP (Control, 15, 30, 45kg) 19 males 
10 minute treadmill walk at 1.34m.s-1 
and 4% gradient, Incremental exercise 
to exhaustion, spirometry tests 
↓V̇o2 Peak, ↓Calculated EILV, ↓VT,         
 Calculated EELV,  fb,  Peak End-
Tidal CO2, ↓FVC,  FEV1/FVC 
 
Abbreviations: BP = backpack; V̇o2 Peak = peak aerobic power; FEV1 = forced expired volume in one second; FVC = forced vital capacity; 
MVV = maximal voluntary ventilation; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory flow/forced expiratory flow occurring 
in the middle 50% of exhaled volume; VT = tidal volume; fb = breathing frequency; POB = power of breathing; PIMAX = maximal inspiratory 




flow (Dominelli et al., 2012a; Faghy et al., 2014; Muza et al., 1989; Phillips et al., 
2016b). 
Overall, the distinctive physiological impact of load carriage on respiratory function is 
indicative of limitations to the ventilatory pump. These characteristics are not dissimilar 
to restrictive respiratory diseases (Muza et al., 1989) and more specifically, acute chest 
wall restriction albeit without the inertial forces. Of notable interest is the possible dose 
relationship between load carriage mass and lung volume decrement. For example, 
heavier loads than 30 kg result in a decrement to FVC that approaches 10%. In studies 
investigating the alterations caused by chest wall restriction the decrements in FVC are 
in excess of 30%, and almost three times as large as those seen with load carriage 
(Harty et al., 1999; Miller et al., 2002; Tomczak et al., 2011). Only when FVC has been 
decreased by >12% further respiratory function will be compromised. 
Beyond these changes to resting pulmonary function, few studies have further 
investigated the impact load carriage has upon the function of the respiratory system 
during protracted submaximal exercise (Table 3.1). Along with the aforementioned 
changes, operating lung volumes could also be altered. With chest wall restriction there 
is a decrease in end expiratory lung volume, and the same alterations would be expected 
with load carriage (Brown et al., 2012). The effect of load carriage on operational lung 
volumes while excising submaximally have recently been investigated, however, a 
consensus has not been reached. Initially, a decrease in end inspiratory lung volume 
(EILV) and no change to end expiratory lung volume (EELV) was reported when 
participants carried a backpack containing 45 kg during graded exercise to exhaustion 
(Phillips et al., 2016b). These changes in end inspiratory and expiratory lung volumes, 
however, were calculated based on resting spirometric values. Another recent study did 
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measure end inspiratory and expiratory lung volumes during submaximal exercise with 
load. They found a progressive decrease in end expiratory lung volume, but with no 
change to end inspiratory lung volume, during submaximal exercise with increasing 
backpack loads 15-35 kg (Dominelli et al., 2012b). 
To this point, resting spirometry and thoracic load carriage has been investigated with 
loads up to 45 kg have been investigated. There is not a clear consensus on the 
decrement to FVC and operational lung volumes these loads cause. This study aimed to 
address these gaps through investigating multiple load conditions in the same group of 
individuals, using loads up to 54 kg. Loads were initially carried using an ADF split 
backpack body armour combination load carriage system currently in use by the ADF 
and this made up phase one of this experimental stage. 
3.1.2 Phase Two – Load Distribution 
The second emphasis of this research was the impact of load distribution in relation to 
resting spirometry and metabolic cost (Table 3.2). As aforementioned, the thorax is the 
most efficient place to carry loads (Abe et al., 2004; Balogun, 1986; Soule et al., 1969; 
Taylor et al., 2012). However, the redistribution of loads around the thorax, and its 
physical impact, has not been thoroughly investigated. 
When loads are carried in the form of body armour (anterior and posterior plates), 
changes to resting spirometry are similar to those reported with backpack load carriage, 
and these include reductions in forced vital capacity (FVC) and forced expired volume 
in one second (FEV1). An increase in the FEV1/FVC ratio is reported with body armour 
loads (Majumdar et al., 1997). Carrying loads in a diagonal single strap backpack, 
compared to a double strap backpack also showed some interesting changes to 
pulmonary function, with the single strap back pack reducing forced vital capacity 
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Table 3.2: Thoracic load distribution, submaximal exercise and the respiratory system: evidence from the literature 
Author Distributions N Protocol Response to distribution 
Soule et al., 1969 Control (0 kg), 14 kg head, 1 or 7 kg each hand, or 6 kg each foot 10 males 
20 minute treadmill walk at 1.0, 
1.8, or 5.6 km.hr-1 
Head V̇o2 1.2 time no load, hands V̇o2 
1.9 times no load, feet V̇o2 4.2 times 
Legg et al., 1985 
35% body weight; BP with frame, 
BP no frame, BP and waist, BP 
and FB, military trunk jacket 
5 males 60 minute treadmill walk at 4.5km.hr-1 
  HR,   V̇o2, BP with frame and 
military trunk jacket rated more 
comfortable 
Legg et al., 1992 18.4 and 7.6 kg one on each shoulder, 26 kg back  8 males 
5 minute treadmill walk at 4.8 
km.hr-1 and 0, 2.5 or 5% gradient  Back load ↓HR, ↓ V̇o2 




10 minutes of treadmill walking 
at 2.2 m.sec-1, spirometry tests 
BA: ↓HR, ↓VO2, ↓FVC, ↓ FEV1, 
↑FEV1/FVC, ↓MVV, ↓PEF Decrement 
was increased with increased load 





↓FVC in both SSBP and DSBP:  
FEV1,   FEV1/FVC,  MVV,  PEF, 
SSBP:↓FVC than DSBP 
Steumpfle et al., 2004 25% body weight; high, central, low BP 
10 
females 10 minute treadmill walk ↓ V̇o2 in high compared to low 
Armstrong et al., 2015 
In service body armour (ISBA) 
(15.3 kg), Flexible body armour 
(FA1,2,3)(10, 7.8, 10 kg) 
8 males Spirometry tests 
↓FVC, ↓FEV1,   FEV1/FVC in 
ISBA/FA2/FA3 
 FVC,   FEV1,   FEV1/FVC in FA1 
Peoples et al., 2016 Vest (22kg) 12 males 
Incremental exercise and 30-80% 
peak oxygen consumption, 
spirometry tests 
↓MVV, ↓VT,  ↑fb, ↓ breathing reserve 
Abbreviations: BP = backpack; BA -= body armour; SSBP = single strap backpack; DSBP = double strap backpack; V̇O2 = oxygen cost; FEV1 
= forced expired volume in one second; FVC = forced vital capacity; MVV = maximal voluntary ventilation; PEF = Peak expiratory flow; V̇E = 




(FVC) more than a double backpack even at low 6 kg loads (Legg et al., 2004). When 
comparing backpacks with and without frames, waist load, chest load and military trunk 
jackets while exercising submaximally on a treadmill no statistically significant 
differences in metabolic measures were found between any of the conditions. 
Subjectively, the backpack with frame and military trunk jacket were rated as more 
comfortable. It was suggested there may therefore be physiological differences between 
these distribution modes (Legg et al., 1985). There are only a few studies that have 
investigated different thoracic loading distributions. Of these studies, none have 
assessed multiple loads within the same participant group. This study investigated 
thoracic load distribution by carrying the load in multiple thoracic distribution 
conditions; an ADF split backpack body armour combination, entirely in a backpack or 
entirely in body armour. The evaluation of the impact load distribution made up phase 
two of this experimental stage. 
3.1.3 Phase Three – Chest Restriction 
The final phase of this investigation is focused on the impact of chest-wall restriction, 
independently of load. The increase in metabolic demand with load carriage specifically 
elevates the required minute ventilation the respiratory system must deliver while 
exercising (Bhambhani et al., 2000; Dreger et al., 2006; Majumdar et al., 1997; Peoples 
et al., 2016). The required increase in minute ventilation is reportedly provided through 
an atypical shift in breathing patterns when load carriage is involved. In comparison to 
normal ventilatory adaptions to increased metabolic demands, there is a significant 
reduction in tidal volume and a significant increase in breathing frequency when load is 
carried (Phillips et al., 2016b; Walker et al., 2015). These changes in breathing patterns 
are thought to be attributed to the load being carried on the thorax, and applying chest-
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wall compression. However, the impact, of that compression, on its own, remains 
relatively unexplored. 
This chest-wall compression is a result of the addition of both the inertial mass of the 
load and the inelastic component of added materials. The respiratory system would 
therefore compensate to limit work of breathing, much like the accommodation seen 
with chest restriction (Caro et al., 1960; Harty et al., 1999) or in patients with restrictive 
disorders (Milic‐Emili et al., 2011; Pride et al., 1986). However, unlike these 
pathological analogues, load carriage forces one to accommodate the additional inertial 
mass that must also be moved, rather than just exerting an elastic compression. In order 
to compartmentalise the increased metabolic demand, elastic and inertial chest 
restriction that thoracic load carriage imposes, this study also investigated the chest 
restriction imposed by loads without mass, and this made up phase three of the study. 
3.1.4 Summary 
Although extensive research has been conducted into the metabolic response to load 
carriage during rest and submaximal exercise, its impact upon the function of the 
respiratory system is only now beginning to be thoroughly investigated. Loads carried 
in backpacks during submaximal exercise have been investigated in relation to: static 
and dynamic spirometry up to 45 kg, operational lung volumes up to 45 kg and 
respiratory muscle fatigue up to 25 kg. The few studies that make up this research do 
not all agree on observed changes to the respiratory system, and are far from giving a 
comprehensive analysis on the effect load carriage has on submaximal exercise. 
Furthermore, no studies have investigated the impact load has without the added 
metabolic demand. This study addressed the current gaps through investigating a 
coherent range of loads from 0 to 54 kg, in different load distributions under both fixed 
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workloads and metabolically set workloads, all within the same participant population 
sample. This was also the first study to investigate how loads carried in a combination 
backpack body armour configuration (ADF Split) used in the Australian Defence Force 
specifically alter respiratory mechanics during submaximal exercise. Lastly, load 
induced chest restriction was investigated without mass in order to segmentalise the 
effect of mass and chest restriction. 
3.2 AIMS AND HYPOTHESIS 
The primary aim of this study was to assess the impact load carriage has on the 
respiratory system while standing at rest and exercising submaximally at both fixed, 
marching at 4.8 km.hr-1, and set aerobic workloads; walking at 30% and 60% of peak 
aerobic power. Loads were firstly placed in a conventional military manner distributed 
through backpack, and body armour and carried around the thorax. The mass was 
increased from 0-54 kg using incremental adjustments to investigate the influence of 
load (phase one). The mass was then distributed either entirely into a backpack or body 
armour for masses up to 35 kg to investigate the influence of distribution (phase two). 
Finally, the mass was removed, and just the conventional backpack and body armour 
was worn without load or the chest was bound to a reduced functional vital capacity to 
investigate the influence of chest restriction (phase three). 
H1. We hypothesised that, with an increase in mass carried during all submaximal 
workloads there will be alterations to operational lung volumes with a decrease in 
end expiratory volume/expiratory reserve volume, end inspiratory volume and 
inspiratory reserve volume. 
H2. We hypothesised that, when the mass was distributed away from the centre of 
mass into the backpack only during all submaximal workloads there will be 
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alterations to operational lung volumes with an increase in end expiratory 
volume/expiratory reserve volume, end inspiratory volume and inspiratory reserve 
volume due to a decrease in chest restriction. 
H3. We hypothesised that, when the mass was distributed to the centre of mass into 
the body armour during all submaximal workloads there will be alterations to 
operational lung volumes with a decrease in end expiratory volume/expiratory 
reserve volume, end inspiratory volume and inspiratory reserve volume due to 
increased chest restriction. 
H4. We hypothesised that, compared to control (no load), when the mass was 
removed and the chest bound to a reduced functional vital capacity there will be 
alterations to operational lung volumes with a decrease in end expiratory 
volume/expiratory reserve volume, end inspiratory volume and inspiratory reserve 
volume. 
H5. We hypothesised that, compared to ADF Split 35 kg, when the mass was 
removed and the chest bound to a reduced functional vital capacity there will be no 
alterations to operational lung volumes. 
3.3 METHODS  
3.3.1 Subjects 
Twelve physically fit male subjects, classified within a range of recreational trained to 
competitively trained (De Pauw et al., 2013), were recruited from the previous maximal 
exercise study (Chapter 2). Subjects were within a healthy range for body mass index 
(BMI) and were anthropometrically similar to Australian Defence Force Personnel 
insuring any findings could be translated across to current defence force personnel 







Table 3.3: Physical characteristics of subjects in the current investigation and 
Australian Defence Force Personnel. Values expressed as means and standard 
deviations. 
 
Variable Subjects ADF 
Number (n) 12 1861 
Height (cm) 182.51±7.79 178.50±6.80 
Age (years) 24.00±4.13 18-40 
Mass (kg) 81.63±9.52 82.70±12.20 
Body mass index (kg.m-2) 24.47±1.87 - 
Peak oxygen consumption:   
absolute (L.min-1) 4.57±0.36 - 
mass specific (mL.kg-1.min-1) 56.24±4.07 - 
Vigorous exercise (sessions per week) 4.00±1.35  
Vigorous exercise (minutes per week) 245±73  
 
Abbreviations: BMI = body mass index (body mass/(height)2 ratio), ADF = Australian 
Defence Force.  
Australian Defence Force anthropometric data taken from “A Preliminary 
Anthropometry Standard for Australian Army Equipment Evaluation” report (Edwards 










study procedures approved by the Human Research Ethics Committee (University of 
Wollongong HE15/060) and completed a Participant Screening Questionnaire and gave 
written informed consent. 
3.3.2 Overview and Design 
The effect of load, load distribution and chest restriction were investigated through three 
experimental phases. For phase one, the impact of loads (0 [control] to 54 kg) were 
investigated in six separate load conditions (Table 3.4). During phase two, the effect of 
load distribution was investigated using two loading configurations, each with three 
different loads (Table 3.5). Finally, in phase three, the effect of chest restriction was 
investigated using three separate conditions without load and one load condition with 
load (Table 3.6). 
Subjects therefore were required to visit the laboratory on 15 occasions. During the first 
visit, subjects underwent familiarisation, but on 14 separate occasions (with at least 72 
hours between each trial) the physiological impact of each condition was assessed. A 
latin square design was used to create a unique sequence for each subject where each 
condition followed the other conditions the same amount of times, thereby countering 
possible learning or training bias (see appendix for further detail). During these visits, 
subjects performed spirometry tests, stood resting for 15 minutes, marched at fixed 
workload of 4.8km.hr-1 on the treadmill for 15 minutes, walked at 30% of peak aerobic 
power for 15 minutes and ran at 60% of peak aerobic power for 15 minutes.  
3.3.3 Experimental Conditions 
The impact carrying loads has on the respiratory system while standing at rest and 
exercising at submaximal workloads was investigated using a control (0 kg) and thirteen 
separate conditions. Subjects wore exercise running gear for all conditions. In the 
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Table 3.4: Phase One Design: Load carriage configurations for Australian Defence 
Force Split (combined backpack and body armour) ensembles for total mass 15-54 kg. 
 
*Any configuration with more than 15 kg carried on the back uses the All-Purpose 
Lightweight Individual Carrying Equipment (ALICE) Backpack with additional weight 
on the back added using the weight capsule. 
 
Condition Equipment Mass (kg) 
Additional Mass (kg) Overall 
Mass 
(kg) Chest Back Total 








 (2 kg) 









10 kg 2 kg 13 kg 15 kg 25 kg 
ADF Split 
35 kg* 





























Table 3.5: Phase Two Design: Load distribution configurations for individual 
backpack and body armour ensembles for total mass 15-35 kg. 
*Any configuration with more than 15 kg carried on the back uses the All-Purpose 
Lightweight Individual Carrying Equipment (ALICE) Backpack with additional weight 




Condition Equipment Mass (kg) 
Additional Mass (kg) Overall 
Mass 




































Table 3.6: Phase Three Design: Chest restriction configurations for load carriage 
equipment with no mass and reduced forced vital capacity. 
 
*Any configuration with more than 15 kg carried on the back uses the All-Purpose 
Lightweight Individual Carrying Equipment (ALICE) Backpack with additional weight 
on the back added using the weight capsule. 
 
 
Condition Equipment Mass (kg) 
Additional Mass (kg) Overall 
Mass 














2 kg 0 kg 0 kg 0 kg 2 kg 
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control condition, subjects had no added load or equipment. Load carriage conditions 
were chosen to reflect the mass carried on the thorax in load configurations currently 
used in the Australian Defence Force (ADF) (October 16th 2014, Diggerworks, 
Australian Department of Defence). 
For the ADF, there are many load classifications for army personnel. Those of relevance 
to this project include: All Corps (15 kg), Load Carriage 1 - Assault Order Lower (25 
kg), Load Carriage 1 - Assault Order Higher (35 kg), Load Carriage 2 – Patrol Order 
(41 kg) and Load Carriage 3 – Marching Order (54 kg) 
Phase one: The load was carried in a conventional military manner distributed through 
a backpack, and body armour, referred to as Australian Defence Force (ADF) split, with 
75% of the load on the back and 25% of the load on the chest. Loading starting at 15 kg, 
was increased by 10 kg to 35 kg so a linear mass comparison could be investigated. 
Load was then increased to 41 kg and 54 kg to investigate heavy loads. This resulted in 
the load carriage conditions; ADF split 15 kg, ADF split 25 kg, ADF split 35 kg, ADF 
split 41 kg and ADF split 54 kg, (Table 3.4/Figure 3.1). Conditions ADF Split 15 kg 
and ADF Split 25 kg used the medium assault backpack and body armour, ADF Split 35 
kg, ADF Split 41 kg and ADF Split 54 kg used the all-purpose lightweight individual 
carrying equipment (ALICE) field backpack and body armour (Figure 3.4). 
Phase two: Load was then redistributed entirely into the backpack so 100% of the load 
was carried on the back and into body armour so 50% of the load was carried on the 
back and 50% was carried on the chest resulting in load distribution conditions; 
Backpack 15 kg, Backpack 25 kg, Backpack 35 kg, Body Armour 15 kg, Body Armour 
25 kg and Body Armour 35 kg, (Table 3.5/Figure 3.2). Backpack 15 kg used the 































Figure 3.1: Phase One: (A) Load carriage conditions: ADF split 15 kg and ADF 
split 25 kg used the medium assault backpack, and (B) load carriage conditions 
ADF split 35 kg, ADF split 41 kg and ADF split 54 kg used the all-purpose 




































Figure 3.2: Phase two: (A) Load distribution conditions: Body Armour 15 kg, 
Body Armour 25 kg and Body Armour 35 kg, and (B) load distribution 



































Figure 3.3: Phase three: chest restriction conditions: (A) Equipment No Mass 



































Figure 3.4: Load carriage equipment: (A) medium assault backpack, (B) All-
purpose lightweight individual carrying equipment (ALICE) field backpack, (C) 








Figure 3.5: (A) Chest restriction equipment: chest restriction device, and (B) 


































Figure 3.6: Additional mass: (A) Body armour pouch weights 1.3 and 0.7 kg, (B) 






lightweight individual carrying equipment (ALICE) field backpack, Body Armour 15 
kg, Body Armour 25 kg and Body Armour 35 kg used the body armour.  
Phase three: Lastly, the mass was removed and just the backpack and body armour 
worn without added mass and the chest was bound to a reduced forced vital capacity, 
equivalent to that measured in the ADF split 35 kg condition. This resulted in the chest 
restriction conditions; Equipment-No Mass and FVC-Reduced, (Table 3.6/Figure 3.3). 
Equipment-No Mass used the medium assault backpack and body armour with wood 
plates and FVC-Reduced used a custom designed chest restriction device to reduce 
functional vital capacity to that recorded in the ADF Split 35 kg load condition (Figure 
3.5).  
Additional mass was added to the body armour using 700 g and 1.3 kg pouch weights. 
Additional mas was added to the medium assault backpack and all-purpose lightweight 
individual carrying equipment (ALICE) field backpack using a custom designed weight 
capsules and disc weights to ensure the load was evenly distributed throughout the 
backpacks (Figure 3.6). 
3.3.4 Experimental Protocols 
3.3.4.1 Familiarisation 
Subjects were familiarised with the experiment protocol and the equipment used during 
testing. This was achieved firstly by fitting subjects with backpacks and body armour in 
accordance to Australian Defence Force standardised fitting procedure. Subjects then 
performed a 1-km pack march at 4.8 km.hr-1 connected to the metabolic/spirometry and 
respiratory analysis equipment to familiarise them with both the treadmill and measures 
recorded throughout the tests. If there were any signs of immediate load carriage 
discomfort, such as rubbing or joint pain, adjustments were made to the positioning of 
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the load to address this. Subjects performed three practice spirometry tests to familiarise 
them with test protocol and spirometry equipment. Lastly, in keeping with applied 
Australian Defence Force outcomes, anthropometry was recorded to ensure subjects 
recruited were representative of Australian Defence Force employees. 
3.3.4.2 Standing Rest and Submaximal Exercise Trials – Phase 1-3 
On separate occasions, with at least 72 hours between each trial, subjects were fitted 
with an experimental condition and immediately connected to a two-way, non-
rebreathing valve that directed expired air to the gas analysis respiratory measurement 
system and respiratory analysis equipment. Subjects performed: 15 minute of standing 
rest, 15 minute of submaximal marching on a treadmill at a fixed workload of 4.8 
km.hr-1, 15 minute of submaximal walking on a treadmill set at 30% of relevant load 
peak aerobic power and 15 minute of submaximal running on a treadmill set at 60% of 
relevant load peak aerobic power. Following standing rest, walking at 4.8km.hr-1, 
walking at 30% of peak aerobic power and running at 60% of peak aerobic power 
subjects spirometry tests were conducted (Figure 3.7). 
In the FVC reduction condition, part of phase three, subjects firstly performed three 
forced vital capacity manoeuvres to ascertain a baseline forced vital capacity. The 
custom designed chest restriction device was then used to decrease the forced vital 
capacity of each subject to match the decrement recorded in the ADF Split 35 kg 
condition. Subjects then completed the rest of the trial as per described above. 
3.3.4 Measurements 
3.3.5.1 Overview and Measurement Protocols 
Physiological measurements were recorded continuously during the first 10 minute of 








Figure 3.7: Standing rest and submaximal exercise trial 






running at 60% of peak aerobic power. Further ventilatory measures, operating lung 
volumes, were collected during the last 5 minute standing rest, marching at 4.8km.hr-1, 
walking at 30% of peak aerobic power and running at 60% of peak aerobic power. To 
measure operating lung volumes, exercising subjects were instructed to maximally 
inspire to total lung capacity then expel the air from the lungs until complete exhalation 
(residual volume). Subjects performed this manoeuvre three times with a minimum of 
six normal exercising tidal breaths in between.  
Spirometry tests, were performed in a standing position with a nose clip and in 
accordance to American Thoracic Society (ATS) standards (Miller et al., 2005). 
Spirometry tests consisted of: 
Forced Expiratory Volume in 1 second and Forced Vital Capacity Manoeuvre: 
Subjects were instructed to maximally inspire to total lung capacity. After a pause of 
less than 1 second they were prompted to expel the air from their lungs as quickly and 
forcefully as possible and continue until complete exhalation, exhaling and holding for 
at least 6 second. Subjects performed the test three times for each condition, with 2 
minute of rest between tests. 
Maximum Voluntary Ventilation manoeuvre: 
Subjects were instructed to breathe as fast and forcefully as possible for 15 second in 
order to obtain the maximal flow of air into and out of their lungs in 15 second. This 
was achieved through simultaneous elevations of both tidal volume (VT) and breathing 
frequency (fb). Subjects performed the test three times for each condition, with 2 minute 
rest between tests. 
Airway Occlusion Pressure (0.1 seconds): 
Page 115 
 
Subjects were instructed to breathe normally. The inspiratory port was then occluded for 
a short period of time (2 seconds) using a handheld trigger switch. Mouth pressure was 
measured 0.1 seconds after the inspiratory port was occluded. Subjects performed the 
test 3 times. The occlusion was delivered at random and of average separated by 6-10 
normal tidal breaths. 
3.3.5.2 Physiological Measurements 
Oxygen consumption (L.minute-1), carbon dioxide production (L.minute-1), metabolic 
equivalent (MET), respiratory exchange ratio, percent oxygen (%), percent carbon 
dioxide (%) were recorded using the gas analysis respiratory system (TrueOne 2400, 
ParvoMedics Inc., UT, USA) Breath-by-breath data were averaged over a 5 minute 
period and recorded. 
Heart rate (fc) was obtained based on R-wave detection during ventricular depolarisation 
using a heart rate band positioned at the base of the sternum. Electro conductive gel was 
applied to the band before fitting and the heart rate monitor recorded beat by beat 
(Model RX800, Polar Electro Sport Tester, Finland). Heart rate (fc) data was averaged 
over a 5 minute period and recorded. 
Rated perceived exertion for whole body and chest were recorded by asking “How hard 
are you exercising?” with reference to the whole body or chest. A 15-point rating of 
perceived exertion scale was used, where 6 = very, very light, 20 = very, very hard 
(Borg, 1962). 
Dyspnoea index was recorded by asking “How much difficulty is your breathing 
causing you right now?”. A 10-point modified Borg dyspnea scale was used, where 0 = 
nothing at all, 0.5 = very very slight, 1 = very slight, 2 = slight, 3 = moderate, 4 = 
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somewhat sever, 5 = severe, 7 = very severe, 9 = very very severe, 10 = maximal (Borg, 
1962; O'Donnell et al., 2000). 
Arterial oxygen saturation was estimated continuously using a non-invasive pulse 
oximetry (Pulse Oximeter PN100M, Nellcor, Coviden Medtronic Australia). Arterial 
oxygen saturation data was averaged over a 5 minute period. 
Work (W = F.d) was calculated using the equation:  
work (J) = weight (kg) x total vertical distance travelled (m) 
total vertical distance travelled was calculated using the equation: 
vertical displacement = distance x % grade 
3.3.5.3 Ventilatory Measurements 
Expired minute ventilation (V̇E), tidal volume (VT), breathing frequency (fb), inspiratory 
time (Ti), expiratory time (Te), and total inspiratory time (TTOT) were recorded using the 
metabolic/spirometry measurement system (TrueOne 2400, ParvoMedics Inc., UT, 
USA) Breath-by-breath data were averaged over a 5 minute period and recorded. 
Operating lung volumes (Figure 3.8) were measured using the custom built LabVIEW 
powered respiratory analysis system (Bibo, LabVIEWsoftware V6.1; National 
Instruments, Austin, TX) the average of the three replicate measurements were 
recorded: total lung volume (TLV), end expiratory lung volume (EELV) also called 





FIGURE 3.8: Schematic tracing from a spirogram for the measurement of operating lung volumes 
Abbreviations: SVC = slow vital capacity; VT = Tidal volume; EELV = end expiratory lung volume; IRV = inspiratory reserve volume; ERV = 
expiratory reserve volume; IRV = inspiratory reserve volume. 
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3.3.5.4 Spirometry Measurements  
Peak expiratory flow (PEF), maximal mid-expiatory flow/forced expiratory flow 
occurring in the middle 50% of exhaled volume (MMEF/FEF25%-75%), forced expiratory 
volume in 1 second (FEV1), forced vital capacity (FVC), forced expired volume in 1 
second to forced vital capacity ratio (FEV1/FVC) (Figure 3.9), Maximum voluntary 
ventilation (MVV) were recorded using the gas analysis respiratory system (TrueOne 
2400, ParvoMedics Inc., UT, USA) the highest of the three replicate measurements 
were reported. 
Airway occlusion pressure (0.1 seconds) was recorded using the custom built LabVIEW 
powered respiratory analysis system (Bibo, LabVIEWsoftware V6.1; National 
Instruments, Austin, TX) the average of the three replicate measurements was recorded. 
3.3.5.5 Anthropometry 
Anthropometric data collected were body mass (kg), stature (cm), and body mass index 
(BMI) recorded in accordance to the International Society for Advancement of 
Kinanthropometry (ISAK) International Standards for Anthropometric Measures 
(Marfell-Jones et al., 2012). These variables were measured using anthropometric scales 
and stadiometer (scientific level). Subjects stood on the centre of the scales (body mass) 
(for approximately 10 second) and under a portable stadiometer (height) for each 
variable recorded. 
3.3.5.6 Equipment 
Spirometry tests, physiological and ventilatory measures were recorded using a 
combination of a gas analysis respiratory measurement system (TrueOne 2400 with 
spirometry upgrade, ParvoMedics Inc., UT, USA) supported by a hand-held 







FIGURE 3.9: Schematic tracing from a spirogram for the measurement of a Forced 
Expiratory Volume in 1 Second and Forced Vital Capacity Manoeuvre.  
 
Abbreviations: FVC = forced vital capacity; FEV1 = forced expired volume in 1 sec; 
FEV1/FVC = forced expired volume in 1 sec to forced vital capacity ratio; TLC = total 
lung capacity; RV = residual volume; FEF25-75% = maximal mid-expiratory flow/forced 










USA) and a fixed heated-pneumotachograph (Model 3813, Hans Rudolph Inc., KS, 
USA) along with a custom built LabVIEW powered respiratory analysis system (Bibo, 
LabVIEWsoftware V6.1; National Instruments, TX, USA) supported by a fixed heated-
pneumotachograph (Model 3813, Hans Rudolph Inc., KS, USA), a T-type 2-way 
rebreathing valve inflatable balloon airway occlusion system (Model 9326, Hans 
Rudolph Inc., KS, USA) and pressure transducers (Validyne DP45/30 low differential 
pressure transducer, Engineering Corp., CA, USA). 
3.3.5.7 Calibration 
The gas analysis respiratory system was calibrated for volume using a 3L calibration 
syringe (Model 5530, Hans Rudolph Inc., KS, USA). A pulmonary filter was attached 
to the hand-held pneumotachograph and 3L of air was run through the handheld 
pneumotachograph five times for both flow directions at variable flows (30-200 
L.minute-1) prior to testing. The 3L of air was also passed through the fixed 
pneumotachograph five times at variable flows (30-200 L.minute-1). The gas analysis 
respiratory system was then calibrated using a 2-point calibration curve using room air 
oxygen (20.95%), carbon dioxide (0.04%) and gas with concentrations of oxygen 
(15.97%), carbon dioxide (4.03%), and nitrogen (80%) prior to testing. 
The LabVIEW powered respiratory analysis system was calibrated for volume using a 
3L calibration syringe (Model 5530, Hans Rudolph Inc., KS, USA). The 3L of air was 
passed through the fixed pneumotachograph five times at variable flows (30-200 
L.minute-1). The LabVIEW powered respiratory analysis system pressure transducers 
were calibrated against a water manometre using a 10 point calibration curve (-50, -40, -
30, -20, -10, 0, 10, 20, 30, 40, 50 cmH2O) prior to testing. 
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3.3.6 Experimental Standardisation 
Physiological testing was conducted under regulated laboratory conditions of 22-24°C 
(room temperature), 45-70% relative humidity and 740-770 mmHg barometric pressure 
tracking external changes, specific temperature, relative humidity and barometric 
pressure were recorded for each trial. Subjects refrained from consumption of alcohol, 
tobacco, and strenuous exercise for the 12 hrs preceding these trials. Furthermore, 
caffeine was not consumed in the 2 hrs prior to testing. Subjects also consumed a meal 
high in carbohydrates (2g.kg-1 body mass) and low in fat prior to the trial, and were 
advised to be adequately hydrated before presentation. 
Subjects were fitted with backpacks and body armour in accordance to Australian 
Defence Force standardised fitting procedure, to ensure this the principle investigator 
was trained by the ADF in the appropriate technique for fitting and wearing this 
equipment. Body armour was fitted to ensure the top of the front ballistic plate was at 
the level of the sternoclavicular notch and the back ballistic plate was at the same 
vertical level. The body armour band was then fastened to ensure minimal movement 
without causing discomfort. The backpack was then fitted: the shoulder straps of the 
backpack were adjusted so the waist band was sitting above the iliac crest. The 
backpack waist band was then fastened to ensure the backpack mass was being partially 
carried on the hips, but without discomfort. If both body armour and backpack were 
worn as in the ADF split conditions, then the body armour and backpack were fitted in 
the same manner with the backpack fitted over the top of the body armour, (Figure 3.1) 
(Diggerworks, Australian Department of Defence). 
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3.3.7 Data Analysis 
Statistix 10 for Windows was used to analyse the data. For phase one, a repeated-
measures Analysis of Variance was used to compare the load carriage conditions, 
control and five ADF Split conditions to investigate the effect of load. A post hoc 
Tukey’s procedure was used for pairwise comparisons to test for differences between 
individual means. For phase two, a repeated measures Analysis of Variance was used to 
compare the load distribution conditions (Backpack, Body Armour and ADF Split), at 
each load (15, 25, and 35 kg) to investigate the effect of load distribution. A post hoc 
Tukey’s procedure was used for pairwise comparisons to test for differences between 
individual means. For phase three, a repeated measures Analysis of Variance was used 
to compare the chest restriction conditions (control, ADF Split 35 kg, Equipment No 
Mass and FVC Reduction) to investigate the effect of chest restriction. A post hoc 
Tukey’s procedure was used for pairwise comparisons to test for differences between 
means. Data are presented as Means ± Standard Deviations for subject characteristics 
and Means ± Standard Errors of the Means for all other data. The level of significance 
was set as P<0.05 for all analyses. 
3.4 RESULTS 
3.4.1 Phase One – Load 
The objective of this experiment was to evaluate the physiological impact of load 
carriage, when distributed around the torso in the conventional manner used by the ADF 




3.4.1.1 Standing Rest 
3.4.1.1.1 Physiological Variables (Table 3.7) 
During steady state standing rest there were small significant increases in absolute and 
mass specific oxygen consumption and heart rate with increasing load (P<0.05). 
However in all the aforementioned measures, it was not until the ADF split 54 kg 
condition that significance occurred (P<0.05). There were also small decreases in 
arterial oxygen saturation with increasing load that only became significant at the ADF 
split 54 kg condition (P<0.05). Mass-specific with load oxygen consumption 
significantly decreased as load increased (P<0.05). Dyspnoea, rate perceived exertion 
for whole body and chest all significantly increased with the addition of load (P<0.05). 
3.4.1.1.2 Ventilatory Variables (Table 3.8) 
During steady state standing rest there was a significant dose dependent increase in 
minute ventilation across multiple load conditions with increasing load (P<0.05). As a 
result there was a small significant decrease in the breathing reserve (%) for the ADF 
split 42 and 54 kg load conditions compared to control (P<0.05). The increase in minute 
ventilation was contributed by a significant increase in breathing frequency (P<0.05), 
rather than an increase in tidal volume which remained unchanged (P>0.05). The 
increase in breathing frequency was due to a decrease in both inspiratory and expiratory 
time that ultimately resulted in a significant decrease in total respiratory cycle time 
(P<0.05). There was, however, no change to the respiratory duty cycle (P>0.05). There 
was a significant decrease in slow vital capacity, end inspiratory lung volume, 
inspiratory reserve volume and end expiratory lung volume/expiratory reserve volume 
across multiple load condition as load increased (P>0.05). 
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3.4.1.1.3 Spirometry Tests (Table 3.9) 
After 15 minutes of steady state standing rest forced vital capacity (FVC) and forced 
expired volume in 1 second (FEV1), significantly decreased as load increased (P<0.05). 
There was however no significant difference in maximal voluntary ventilation (MVV) 
(P>0.05) contrary to what was reported in the previous chapter. There was no 
significant difference in forced expired volume in 1 second/forced vital capacity ratio 
(FEV1/FVC) (P>0.05). However, peak expiratory flow (PEF) and maximal mid-
expiratory flow (FEF25-75%) were significantly altered between load conditions (P<0.05). 
Both peak expiratory flow (PEF) and maximal mid-expiratory flow (FEF25-75%) 
significantly decreased as load increased to the ADF split 35 kg condition but then 
began to increase back towards the control condition values at the higher load 
conditions, ADF split 42 and 54 kg (P<0.05). Airway occlusion pressure (0.1 seconds) 
(P0.1) was significantly increased at the highest load ADF split 54 kg when compared 
to control (P<0.05). 
3.4.1.2 Marching at 4.8km.hr-1 
3.4.1.2.1 Physiological Variables (Table 3.10) 
During steady state marching at 4.8km.hr-1 there was a significant increase in absolute  
and mass-specific oxygen consumption and heart rate with significance occurring across 
multiple load conditions (P<0.05). Mass-specific with load oxygen consumption 
significantly decreased as load increased (P<0.05). Dyspnoea, rate perceived exertion 
for whole body and chest all significantly increased with the addition of load (P<0.05). 
There was no significant change to arterial oxygen saturation (%) (P>0.05). 
3.4.1.2.2 Ventilatory Variables (Table 3.11) 
During steady state marching at 4.8km.hr-1 there was a significant increase in minute 
ventilation (L.minute-1) across all load conditions (P<0.05). As a result there was a 
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significant decrease in the breathing reserve (%) across multiple load conditions 
(P<0.05). The rise in minute ventilation was made up by a significant increase in 
breathing frequency (P<0.05), rather than an increase in tidal volume which remained 
unchanged (P>0.05). The increase in breathing frequency was due to a decrease in both 
inspiratory and expiratory time that ultimately resulted in a significant decrease in total 
respiratory cycle time (P<0.05). There was however no change to the respiratory duty 
cycle (P>0.05). There was a significant decrease in slow vital capacity, end inspiratory 
lung volume, inspiratory reserve volume and end expiratory lung volume/expiratory 
reserve volume across multiple load condition as load increased (P>0.05). 
3.4.1.2.3 Spirometry Tests (Table 3.12) 
After 15 minutes of steady state marching at 4.8 km.hr-1 forced vital capacity (FVC) and 
forced expired volume in 1 second (FEV1) significantly decreased as load increased 
(P<0.05). There was however no significant difference in maximal voluntary ventilation 
(MVV) (P>0.05). Both peak expiratory flow (PEF) and maximal mid-expiratory flow 
(FEF25-75%) also significantly decreased as load increased to the ADF split 35 kg 
condition but then began to increase back towards the control condition values at the 
higher load conditions, ADF split 42 and 54 kg (P<0.05). Forced expired volume in 1 
second/forced vital capacity ratio (FEV1/FVC) followed a similar pattern with an initial 
decrease as load increased followed by an increase toward and above control levels 
(P<0.05). Airway occlusion pressure (0.1 seconds) (P0.1) was significantly increased in 
both the ADF split 42 and 54 kg load conditions when compared to control (P<0.05).  
3.4.1.3 Walking at 30% Peak Aerobic Power 
3.4.1.3.1 Physiological Variables (Table 3.13) 
During steady state walking at 30% of peak aerobic power there were no significant 
difference in absolute- and mass specific oxygen consumption (P>0.05), showing each 
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condition had been set at approximately 30% of peak aerobic power. Mass specific with 
load oxygen consumption significantly decreased as load increased (P<0.05). There was 
also a significant difference between load conditions in work, dyspnoea, rate perceived 
exertion for whole body and chest and heart rate  with significance occurring across 
multiple load conditions increasing with the addition of load (P<0.05). 
3.4.1.3.2 Ventilatory Variables (Table 3.14) 
During steady state walking at 30% of peak aerobic power there was no significant 
difference in minute ventilation between load conditions (P>0.05), showing each 
condition had been clamped at approximately 30% of peak aerobic power. There was a 
small significant increase in the breathing reserve (%) across multiple load conditions 
(P<0.05). The minute ventilation however was made up by a significant increase in 
breathing frequency and decreasing tidal volume with increasing load (P<0.05). The 
increase in breathing frequency was due to a decrease in both inspiratory and expiratory 
time that ultimately resulted in a significant decrease in total respiratory cycle time (s) 
(P<0.05). There was however no change to the respiratory duty cycle (P>0.05). There 
was a significant decrease in slow vital capacity, end inspiratory lung volume, and end 
expiratory volume/expiratory reserve volume as load increased (P>0.05). 
3.4.1.3.3 Spirometry Tests (Table 3.15) 
After 15 minutes of steady state walking at 30% of peak aerobic power forced vital 
capacity (FVC) and forced expired volume in 1 second (FEV1), significantly decreased 
as load increased (P<0.05). There was however no significant difference in maximal 
voluntary ventilation (MVV) (P>0.05). There were no significant differences in forced 
expired volume in 1 second/forced vital capacity ratio (FEV1/FVC) (P>0.05). However, 
peak expiratory flow (PEF) and maximal mid-expiratory flow (FEF25-75%) were 
significantly altered between load conditions (P<0.05). Both peak expiratory flow 
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(PEF) and maximal mid-expiratory flow (FEF25-75%) significantly decreased as load 
increased to the ADF split 35 kg condition. 
3.4.1.4 Running at 60% Peak Aerobic Power 
3.4.1.4.1 Physiological Variables (Table 3.16) 
During steady state running at 60% of peak aerobic power there were no significant 
differences in absolute and mass specific oxygen consumption (P>0.05), showing each 
condition had been set at approximately 60% of peak aerobic power. Mass-specific with 
load oxygen consumption significantly decreased as load increased (P<0.05). There 
were significant differences between the control and the higher load conditions (25 and 
35 kg) dyspnoea and rate perceived exertion for whole body and chest (P<0.05). There 
were also significant differences between load conditions in work with significance 
occurring across multiple load conditions increasing with the addition of load (P<0.05). 
Heart rate significantly increased with the addition of load (P<0.05). 
3.4.1.4.2 Ventilatory Variables (Table 3.17) 
During steady state running at 60% of peak aerobic there were no significant differences 
in minute ventilation (L.minute-1) between load conditions (P>0.05), showing each 
condition had been clamped at approximately 60% of peak aerobic power. The minute 
ventilation was made up, however, by a significant increase in breathing frequency and 
decrease in tidal volume with increasing load (P<0.05). The increase in breathing 
frequency was due to a decrease in both inspiratory and expiratory time, however, only 
expiratory time had a significant decrease (P<0.05). This ultimately resulted in a 
significant decrease in total respiratory cycle time (P<0.05). There were no changes to 
the respiratory duty cycle (P>0.05). There were significant decreases in slow vital 




3.4.1.4.3 Spirometry Tests (Table 3.18) 
After 15 minutes of steady state running at 60% of peak aerobic power forced vital 
capacity (FVC) and forced expired volume in 1 second (FEV1), significantly decreased 
as load increased (P<0.05). There was however no significant difference in maximal 
voluntary ventilation (MVV) (P>0.05). 
3.4.1.5 Phase One – Load – Results Summary 
Throughout all workloads with an increase in load there were significant increases in 
work, dyspnoea and rate perceived exertion for whole body and chest. At fixed 
workloads (standing rest and 4.8km.hr-1 walking) with the addition of load as expected 
there is an increase in oxygen consumption and heart rate as a result of the increased 
metabolic demand with load. This increase is accounted for by a rise in minute 
ventilation made up by a significant increase in breathing frequency rather than tidal 
volume. At aerobically set workloads (30/60% of peak aerobic power) there were 
obviously no changes to oxygen consumption or minute ventilation with increasing load 
as the metabolic demand was held constant. There were, however, similar alterations to 
how minute ventilation was made up with a significant increase in breathing frequency 
and decrease in tidal volume. Operational lung volumes, end inspiratory lung volume, 
inspiratory reserve volume and end expiratory lung volumes/expiratory reserve volume, 
were also significantly reduced with the addition of load in both fixed and aerobically 
set workloads however these change were only trending at 60% of peak aerobic power, 
possibly due to a greater variability. Spirometry is also significantly altered at all 
workloads, specifically volume restrictions are in encountered accompanied by 
nonlinear alterations to flow and an increase in airway occlusion pressure (0.1).
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3.4.1.6 Phase One – Load - Data Tables 
Table 3.7: Standing rest physiological measures for control [0 kg] and ADF Split conditions [15, 25, 35, 41 and 54 kg]. Measurements collected 
during 15 mins of steady state standing rest. Values expressed as means and standard errors of the means (n=10). If a condition is significantly 
different from another it will have a different letter assigned i.e. significant difference between conditions is shown by differing letters (a, b, c,…).  
Variable Control ADF Split 15 kg ADF Split 25 kg ADF Split 35 kg ADF Split 41 kg ADF Split 54 kg 
Oxygen consumption:       
absolute (L.min-1) 0.38±0.02a 0.38±0.01a 0.39±0.02a 0.41±0.02ab 0.42±0.02ab 0.44±0.02b 
mass specific (mL.kg-1.min-1) 4.84±0.22a 4.92±0.20a 4.98±0.25a 5.26±0.16ab 5.37±0.26ab 5.70±0.19b 
mass specific with load 
(mL.kg-1.min-1) 4.84±0.22
a 4.12±0.17b 3.76±0.18bc 3.63±0.11bc 3.51±0.16c 3.36±0.12c 
Carbon dioxide production  
(L.min-1) 0.33±0.02
a 0.34±0.01a 0.34±0.02ab 0.37±0.02ab 0.38±0.02ab 0.40±0.02b 
Metabolic equivalent (MET) 1.38±0.06a 1.41±0.06a 1.42±0.07a 1.50±0.04ab 1.53±0.07ab 1.63±0.05b 
Respiratory exchange ratio 0.87±0.02 0.90±0.01 0.88±0.01 0.90±0.02 0.90±0.01 0.90±0.02 
Percent oxygen (%) 17.32±0.10a 17.40±0.07ab 17.39±0.10ab 17.43±0.10ab 17.51±0.09ab 17.58±0.10b 
Percent carbon dioxide (%) 3.25±0.06 3.28±0.07 3.22±0.08 3.25±0.09 3.18±0.09 3.10±0.06 
RPE whole body 6.10±0.10a 6.80±0.51ab 6.70±0.34ab 7.40±0.43b 8.70±0.45c 10.50±0.45d 
RPE chest 6.00±0.00a 7.00±0.49ab 7.50±0.54abc 7.70±0.62bc 8.80±0.66c 10.70±0.62d 
RPE dyspnoea 0.05±0.05a 0.25±0.08a 0.55±0.17ab 0.55±0.20ab 1.15±0.20bc 1.45±0.32c 
Work (J) 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 
Heart rate (beats.min-1) 78±3a 81±3ab 83±5ab 80±4ab 87±3ab 92±5b 





Table 3.8: Standing rest ventilatory measures for control [0 kg] and ADF Split conditions [15, 25, 35, 41 and 54 kg]. Measurements collected during 
15 mins of steady state standing rest. Values expressed as means and standard errors of the means (n=10). If a condition is significantly different from 
another it will have a different letter assigned i.e. significant difference between conditions is shown by differing letters (a, b, c,…).  
Variable Control ADF Split 15 kg ADF Split 25 kg ADF Split 35 kg ADF Split 41 kg ADF Split 54 kg 
Minute ventilation (L.min-1) 12.36±0.72a 12.87±0.53ab 12.81±0.63ab 13.88±0.59abc 14.63±0.80bc 15.85±0.72c 
Breathing frequency 
(breaths.min-1) 17.17±1.15
a 18.16±1.21ab 19.15±0.92ab 18.78±1.01ab 20.35±1.37bc 22.45±1.33c 
Tidal volume (L) 0.77±0.05 0.74±0.04 0.68±0.03 0.76±0.03 0.74±0.04 0.72±0.03 
Breathing reserve (L.min-1) 158.09±7.62 157.05±10.53 151.01±8.89 153.69±7.87 141.10±6.71 152.07±8.99 
Breathing reserve (%) 7.29±0.38a 7.89±0.65ab 8.03±0.57ab 8.46±0.58ab 9.55±0.65b 9.67±0.66b 
Inspiratory time (s) 3.82±0.30a 3.57±0.33a 3.27±0.14ab 3.33±0.19ab 3.17±0.31ab 2.80±0.19b 
Expiratory time (s) 2.06±0.14a 1.94±0.13ab 1.79±0.08ab 1.84±0.11ab 1.65±0.13bc 1.46±0.10c 
Total respiratory cycle time (s) 5.88±0.43a 5.50±0.45ab 5.06±0.22abc 5.17±0.30abc 4.82±0.42bc 4.26±0.28c 
Respiratory duty cycle 
(dimensionless) 0.64±0.00
 0.65±0.01 0.64±0.00 0.64±0.01 0.65±0.01 0.66±0.01 
End inspiratory lung volume (L) 2.94±0.13a 2.58±0.11b 2.51±0.09b 2.43±0.11bc 2.14±0.09cd 2.02±0.14d 
End expiratory lung volume/ 
Expiratory reserve volume (L) 2.00±0.12
a 1.76±0.11ab 1.68±0.07b 1.56±0.10bc 1.33±0.09cd 1.16±0.13d 
Inspiratory reserve volume (L) 2.58±0.18 ab 2.73±0.15a 2.73±0.15a 2.48±0.20 ab 2.62±0.15 ab 2.31±0.11b 






Table 3.9: Standing rest spirometry tests for control [0 kg] and ADF Split conditions [15, 25, 35, 41 and 54 kg]. Measurements collected following 15 
mins of steady state standing rest. Values expressed as means and standard errors of the means (n=10). If a condition is significantly different from 
another it will have a different letter assigned i.e. significant difference between conditions is shown by differing letters (a, b, c,…).  
Variable Control ADF Split 15 kg ADF Split 25 kg ADF Split 35 kg ADF Split 41 kg ADF Split 54 kg 
MVV 15sec (L) 170.45±8.03 169.92±10.41 163.82±8.86 167.57±7.85 155.73±6.73 167.92±9.23 
FVC (L) 6.24±0.16a 5.88±0.14ab 5.62±0.16bc 5.40±0.17c 5.60±0.15bc 5.51±0.14bc 
FEV1 (L) 4.86±0.15a 4.56±0.19ab 4.39±0.15b 4.19±0.11b 4.35±0.18b 4.35±0.18b 
FEV1/FVC (%) 78.84±2.10 78.02±2.42 78.84±2.39 78.19±2.22 78.26±2.34 79.8±2.38 
PEF (L.min-1) 11.72±0.61a 11.14±0.56abc 10.69±0.42bc 10.21±0.46c 11.30±0.50ab 11.58±0.52ab 
FEF25-75% (L.min-1) 4.38±0.36a 4.07±0.41ab 4.20±0.40ab 3.63±0.26b 3.86±0.39ab 3.93±0.39ab 
P0.1 (mmH2O) -1.93±0.36a -1.88±0.27a -1.67±0.19a -1.84±0.35a -2.14±0.27ab -2.78±0.41b 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 








Table 3.10: Submaximal physiological measures for control [0 kg] and ADF Split conditions [15, 25, 35, 41 and 54 kg]. Measurements collected 
during 15 mins of steady state marching (4.8 km.hr-1). Values expressed as means and standard errors of the means (n=10). If a condition is 
significantly different from another it will have a different letter assigned i.e. significant difference between conditions is shown by differing letters (a, 
b, c,…).  
Variable Control ADF Split 15 kg ADF Split 25 kg ADF Split 35 kg ADF Split 41 kg ADF Split 54 kg 
Oxygen consumption:       
absolute (L.min-1) 1.10±0.04a 1.17±0.03ab 1.30±0.04bc 1.39±0.03cd 1.45±0.04d 1.71±0.03e 
mass specific (mL.kg-1.min-1) 14.10±0.41a 15.14±0.57ab 16.68±0.44bc 17.80±0.37cd 18.63±0.65d 21.98±0.60e 
mass specific with load 
(mL.kg-1.min-1) 14.09±0.41
a 12.67±0.45b 12.61±0.34b 12.27±0.24b 12.18±0.39b 12.95±0.29ab 
Carbon dioxide production  
(L.min-1) 0.94±0.04
a 1.06±0.03ab 1.15±0.04bc 1.23±0.04cd 1.31±0.03d 1.60±0.04e 
Metabolic equivalent (MET)  4.03±0.12a 4.32±0.16ab 4.77±0.13bc 5.09±0.11cd 5.32±0.19d 6.28±0.17e 
Respiratory exchange ratio 0.86±0.01a 0.91±0.01bc 0.89±0.01ab 0.89±0.01ab 0.91±0.01bc 0.94±0.01c 
Percent oxygen (%) 16.32±0.07a 16.46±0.06ab 16.35±0.08a 16.41±0.09ab  16.60±0.09bc 16.70±0.09c 
Percent carbon dioxide (%) 4.12±0.06ab 4.17±0.05ab 4.20±0.07a 4.16±0.08ab 4.04±0.08b 4.06±0.06ab 
RPE whole body 7.40±0.22a 8.50±0.50ab 9.40±0.70b 10.90±0.55c 11.90±0.55c 13.90±0.46d 
RPE chest 7.30±0.21a 8.50±0.56ab 10.10±0.91bc 10.70±0.87c 11.50±0.72c 13.70±0.75d 
RP Dyspnoea 0.30±0.11a 0.50±0.13a 1.30±0.28ab 1.20±0.27ab 2.15±0.24bc 2.65±0.51c 
Work (J) 9177.8±170.54a 10943.2±170.54b 12120.0±170.54c 13296.8±170.54d 14002.9±170.54e 15532.7±170.54f 
Heart rate (beats.min-1) 96±2a 103±5ab 110±4bc 108±4bc 117±3cd 127±6d 





Table 3.11: Submaximal ventilatory measures for control [0 kg] and ADF Split conditions [15, 25, 35, 41 and 54 kg]. Measurements collected during 
15 mins of steady state marching (4.8 km.hr-1). Values expressed as means and standard errors of the means (n=10). If a condition is significantly 
different from another it will have a different letter assigned i.e. significant difference between conditions is shown by differing letters (a, b, c,…).  
Variable Control ADF Split 15 kg ADF Split 25 kg ADF Split 35 kg ADF Split 41 kg ADF Split 54 kg 
Minute ventilation (L.min-1) 28.11±1.26a 31.18±1.11ab 33.43±1.23bc 36.14±1.22cd 39.82±1.27d 48.58±1.50e 
Breathing frequency 
(breaths.min-1) 23.98±1.15
a 26.75±1.18b 27.74±1.25bc 30.32±1.37c 33.81±1.69d 37.27±1.51e 
Tidal volume (L) 1.19±0.05 1.21±0.07 1.22±0.05 1.21±0.05 1.20±0.05 1.32±0.04 
Breathing reserve (L.min-1) 134.23±9.31 126.77±11.26 122.51±9.85 129.17±6.35 116.35±7.06 115.68±8.45 
Breathing reserve (%) 17.70±0.91a 20.85±1.85a 22.14±1.42ab 22.11±1.03ab 25.96±1.34bc 30.19±1.57c 
Inspiratory time (s) 2.56±0.12a 2.33±0.12ab 2.21±0.10bc 2.02±0.09cd 1.81±0.09de 1.63±0.06e 
Expiratory time (s) 1.52±0.08a 1.39±0.13ab 1.28±0.05ab 1.15±0.05bc 1.02±0.05c 0.95±0.03c 
Total respiratory cycle time (s) 4.08±0.20a 3.72±0.24ab 3.48±0.15bc 3.17±0.14cd 2.84±0.14de 2.58±0.09e 
Respiratory duty cycle 
(dimensionless) 0.63±0.00
 0.63±0.01 0.63±0.00 0.64±0.00 0.63±0.01 0.63±0.00 
End inspiratory lung volume (L) 2.82±0.13a 2.59±0.12ab 2.55±0.10bc 2.51±0.09bc 2.35±0.11bc 2.32±0.11c 
End expiratory lung volume / 
Expiratory reserve volume (L) 1.45±0.11
a 1.25±0.10b 1.10±0.08bc 1.00±0.06cd 0.91±0.07cd 0.80±0.10d 
Inspiratory reserve volume 2.37±0.18a 2.30±0.16ab 2.11±0.15ab 1.92±0.15bc 1.96±0.13bc 1.63±0.16c 






Table 3.12: Submaximal spirometry tests for control [0 kg] and ADF Split conditions [15, 25, 35, 41 and 54 kg]. Measurements collected following 15 
mins of steady state marching (4.8 km.hr-1). Values expressed as means and standard errors of the means (n=10). If a condition is significantly different 
from another it will have a different letter assigned i.e. significant difference between conditions is shown by differing letters (a, b, c,…).  
Variable Control ADF Split 15 kg ADF Split 25 kg ADF Split 35 kg ADF Split 41 kg ADF Split 54 kg 
MVV 15sec (L) 162.34±10.06 157.95±11.32 155.94±10.11 165.31±6.51 156.17±7.30 164.26±8.86 
FVC (L) 6.15±0.17a 5.80±0.14ab 5.61±0.14bc 5.36±0.13c 5.58±0.15bc 5.36±0.12c 
FEV1 (L) 4.82±0.16a 4.54±0.18ab 4.39±0.15bc 4.23±0.11bc 4.45±0.16bc 4.18±0.17c 
FEV1/FVC (%) 80.02±2.40ab 78.62±2.31b 78.72±2.42b 80.91±2.46ab 80.74±2.02bc 82.67±2.34a 
PEF (L.min-1) 11.02±0.61ab 10.90±0.46abc 10.56±0.58bc 10.04±0.36c 11.38±0.54bc 11.59±0.55a 
FEF25-75% (L.min-1) 4.40±0.39a 4.07±0.39ab 3.95±0.38b 3.96±0.34b 4.15±0.35ab 4.22±0.43ab 
P0.1 (mmH2O) -1.68±0.38a -1.91±0.34a -2.25±0.32a -2.41±0.38ab -3.26±0.48b -3.29±0.46b 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 









Table 3.13: Submaximal physiological measures for control [0 kg] and ADF Split conditions [15, 25 and 35 kg]. Measurements collected during 15 
mins of steady state walking at 30% peak aerobic power. Values expressed as means and standard errors of the means (n=12). If a condition is 
significantly different from another it will have a different letter assigned i.e. significant difference between conditions is shown by differing letters (a, 
b, c,…).  
Variable Control ADF Split 15 kg ADF Split 25 kg ADF Split 35 kg 
Oxygen consumption:     
absolute (L.min-1) 1.80±0.07 1.79±0.08 1.77±0.08 1.70±0.06 
mass specific (mL.kg-1.min-1) 22.14±0.83 21.98±0.73 21.71±0.67 20.82±0.45 
mass specific with load (mL.kg-1.min-1) 22.14±0.83a 18.54±0.61b 16.59±0.52c 14.53±0.30d 
Carbon dioxide production (L.min-1) 1.62±0.07a 1.68±0.07ab 1.62±0.08ab 1.54±0.06b 
Metabolic equivalent (MET)  6.33±0.24 6.28±0.21 6.21±0.19 5.95±0.13 
Respiratory exchange ratio 0.90±0.01a 0.94±0.01b 0.91±0.01ab 0.91±0.01ab 
Percent oxygen (%) 16.24±0.07a 16.42±0.06b 16.40±0.05ab 16.43±0.07b 
Percent carbon dioxide (%) 4.35±0.07 4.33±0.06 4.26±0.06 4.20±0.07 
RPE whole body 10.17±0.56a 10.50±0.56a 11.33±0.56ab 12.58±0.62b 
RPE chest 9.08±0.60a 10.25±0.70ab 11.42±0.69bc 12.17±0.75c 
RP Dyspnoea 0.92±0.21a 1.08±0.21ab 1.83±0.26bc 1.79±0.31c 
Work (J) 13710.00±425.02a 15003.00±439.13b 15503.00±464.54c 15988.00±483.52d 
Heart rate (beats.min-1) 116.92±3.19a 125.08±3.99b 128.33±3.81b 120.42±3.37ab 






Table 3.14: Submaximal ventilatory measures for control [0 kg] and ADF Split conditions [15, 25 and 35 kg]. Measurements collected during 15 mins 
of steady state walking at 30% peak aerobic power. Values expressed as means and standard errors of the means (n=12). If a condition is significantly 
different from another it will have a different letter assigned i.e. significant difference between conditions is shown by differing letters (a, b, c,…).  
Variable Control ADF Split 15 kg ADF Split 25 kg ADF Split 35 kg 
Minute ventilation (L.min-1) 45.63±2.08 47.57±2.33 46.33±2.10 44.70±1.85 
Breathing frequency (breaths.min-1) 29.05±1.09a 31.91±1.53ab 31.26±1.07ab 33.32±1.39b 
Tidal volume (L) 1.59±0.07a 1.51±0.07a 1.50±0.08a 1.36±0.06b 
Breathing reserve (L.min-1) 115.69±9.23 118.16±7.77 112.31±10.26 120.55±7.04 
Breathing reserve (%) 29.42±2.09 29.41±1.92 30.63±2.53 27.54±1.55 
Inspiratory time (s) 2.10±0.08a 1.92±0.09ab 1.95±0.07ab 1.84±0.08b 
Expiratory time (s) 1.27±0.05a 1.14±0.04b 1.16±0.04b 1.07±0.04b 
Total respiratory cycle time (s) 3.38±0.13a 3.06±0.13ab 3.10±0.11ab 2.90±0.13b 
Respiratory duty cycle (dimensionless) 0.62±0.00a 0.63±0.00ab 0.63±0.00ab 0.63±0.00b 
End inspiratory lung volume  (L) 3.14±0.12a 2.87±0.10ab 2.83±0.11b 2.66±0.11b 
End expiratory lung volume / Expiratory 
reserve volume (L) 1.27±0.07
a 1.10±0.09ab 1.01±0.08b 1.02±0.06b 
Inspiratory reserve volume (L) 1.95±0.14 1.90±0.12 1.75±0.15 1.86±0.12 







Table 3.15: Submaximal spirometry tests for control [0 kg] and ADF Split conditions [15, 25 and 35 kg]. Measurements collected following 15 mins 
of steady state walking at 30% peak aerobic power. Values expressed as means and standard errors of the means (n=12). If a condition is significantly 
different from another it will have a different letter assigned i.e. significant difference between conditions is shown by differing letters (a, b, c,…).  
Variable Control ADF Split 15 kg ADF Split 25 kg ADF Split 35 kg 
MVV 15sec (L) 161.32±9.56 165.72±7.76 158.64±9.37 165.256.82 
FVC (L) 6.25±0.19a 5.86±0.13b 5.61±0.13bc 5.42±0.11c 
FEV1 (L) 4.97±0.17a 4.64±0.15b 4.49±0.14bc 4.31±0.11c 
FEV1/FVC (%) 80.81±2.16 80.29±2.08 82.03±2.29 81.93±2.07 
PEF (L.min-1) 11.47±0.53a 11.14±0.48ab 10.59±0.52b 10.37±0.30b 
FEF25-75% (L.min-1) 4.67±0.38a 4.31±0.36ab 4.25±0.32ab 4.09±0.30b 
P0.1 (mmH2O) -2.06±0.36 -2.24±0.27 -2.33±0.25 -2.60±0.39 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 







Table 3.16: Submaximal physiological measures for control [0 kg] and ADF Split conditions [15, 25 and 35 kg]. Measurements collected during 15 
mins of steady state running at 60% peak aerobic power. Values expressed as means and standard errors of the means (n=12). If a condition is 
significantly different from another it will have a different letter assigned i.e. significant difference between conditions is shown by differing letters (a, 
b, c,…).  
Variable Control ADF Split 15 kg ADF Split 25 kg ADF Split 35 kg 
Oxygen consumption: ± ± ± ± 
absolute (L.min-1) 2.90±0.09 2.97±0.09 2.95±0.13 2.79±0.15 
mass specific (mL.kg-1.min-1) 35.58±0.68 36.49±0.54 36.21±1.24 34.10±1.40 
mass specific with load (mL.kg-1.min-1) 35.58±0.68a 30.77±0.42b 27.66±0.94c 23.82±1.00d 
Carbon dioxide production (L.min-1) 2.69±0.10 2.90±0.10 2.84±0.14 2.68±0.16 
Metabolic equivalent (MET)  10.17±0.20 10.43±0.16 10.58±0.45 9.89±0.46 
Respiratory exchange ratio 0.93±0.01a 0.98±0.01b 0.96±0.01ab 0.96±0.01ab 
Percent oxygen (%) 16.33±0.07a 16.54±0.08b 16.55±0.05b 16.65±0.06b 
Percent carbon dioxide (%) 4.38±0.08a 4.35±0.07ab 4.29±0.06ab 4.18±0.06b 
RPE whole body 12.50±0.60a 12.67±0.71a 13.58±0.40ab 14.42±0.50b 
RPE chest 11.00±0.80a 12.00±0.71ab 13.50±0.50b 13.33±0.61b 
RP Dyspnoea 1.21±0.25a 1.58±0.31a 2.50±0.27b 2.58±0.36b 
Work (J) 19073.00±589.29a 20349.00±603.05b 20808.00±589.46bc 21359.00±601.18c 
Heart rate (beats.min-1) 153.92±2.77a 162.67±4.25b 164.75±3.73b 160.33±4.56ab 






Table 3.17: Submaximal ventilatory measures for control [0 kg] and ADF Split conditions [15, 25 and 35 kg]. Measurements collected during 15 mins 
of steady state running at 60% peak aerobic power. Values expressed as means and standard errors of the means (n=12). If a condition is significantly 
different from another it will have a different letter assigned i.e. significant difference between conditions is shown by differing letters (a, b, c,…).  
Variable Control ADF Split 15 kg ADF Split 25 kg ADF Split 35 kg 
Minute ventilation (L.min-1) 75.33±2.36 81.90±3.05 79.94±3.63 77.56±4.32 
Breathing frequency (breaths.min-1) 37.86±1.11a 39.98±1.66ab 39.17±1.21ab 40.95±0.78b 
Tidal volume (L) 2.01±0.08 2.08±0.08 2.07±0.10 1.91±0.12 
Breathing reserve (L.min-1) 92.34±9.40 88.61±7.88 82.25±9.37 94.12±8.48 
Breathing reserve (%) 46.71±3.20 49.00±2.75 50.93±3.77 46.01±2.99 
Inspiratory time (s) 1.60±0.04 1.54±0.08 1.55±0.04 1.47±0.03 
Expiratory time (s) 1.05±0.03a 0.94±0.04b 0.96±0.03b 0.89±0.01b 
Total respiratory cycle time (s) 2.64±0.07a 2.48±0.11ab 2.50±0.07ab 2.36±0.04b 
Respiratory duty cycle (dimensionless) 0.60±0.01 0.62±0.00 0.59±0.03 0.62±0.01 
End inspiratory lung volume (L) 3.22±0.11 3.12±0.08 3.06±0.07 3.08±0.10 
End expiratory lung volume/ Expiratory 
reserve volume (L) 0.95±0.09 0.82±0.08 0.79±0.10 0.80±0.08 
Inspiratory reserve volume (L) 1.53±0.11a 1.43±0.10ab 1.33±0.13b 1.46±0.09ab 






Table 3.18: Submaximal spirometry tests for control [0 kg] and ADF Split conditions [15, 25 and 35 kg]. Measurements collected following 15 mins 
of steady state running at 60% peak aerobic power. Values expressed as means and standard errors of the means (n=12). If a condition is significantly 
different from another it will have a different letter assigned i.e. significant difference between conditions is shown by differing letters (a, b, c,…).  
Variable Control ADF Split 15 kg ADF Split 25 kg ADF Split 35 kg 
MVV 15sec (L) 167.67±9.46 170.50±7.26 162.19±7.66 171.67±7.75 
FVC (L) 6.03±0.20a 5.80±0.13ab 5.43±0.14b 5.46±0.10b 
FEV1 (L) 4.91±0.17a 4.81±0.16ab 4.52±0.15b 4.60±0.10ab 
FEV1/FVC (%) 82.95±2.19 84.33±1.92 84.93±2.30 85.53±2.01 
PEF (L.min-1) 11.67±0.52 11.56±0.57 11.09±0.53 10.95±0.33 
FEF25-75% (L.min-1) 4.76±0.37 4.97±0.41 4.81±0.45 4.73±0.33 
P0.1 (mmH2O) -2.27±0.46 -2.72±0.39 -2.84±0.32 -2.77±0.36 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 






3.4.2 Phase Two – Load Distribution 
The objective of this experiment was to investigate distribution therefore the mass was 
distributed either entirely into a backpack or body armour for incremental adjustments 
15 kg, 25 kg and 35 kg. This was investigated in resting and three steady state 
ambulatory conditions. 
3.4.2.1 Standing Rest 
3.4.2.1.1 Physiological Variables (Table 3.19, 3.20, 3.21) 
During steady state standing rest there was a significant difference in oxygen 
consumption between distributions at the 25 kg load (Table 3.20) with the ADF Split 
distribution being significantly decreased compared to the Backpack distribution 
condition (P<0.05). This significant difference in oxygen consumption was no longer 
evident at the 35 kg load between distribution conditions however it followed a similar 
trend (Table 3.21). 
3.4.2.1.2 Ventilatory Variables (Table 3.22, 3.23, 3.24) 
During steady state standing rest there were significant differences in operational lung 
volumes between distributions at the 35 kg load (Table 3.24) with a significant decrease 
in end inspiratory lung volume, end expiratory lung volume/expiratory reserve volume 
and slow vital capacity between Backpack and Body Armour distribution conditions 
(P<0.05). 
3.4.2.1.3 Spirometry Tests (Tables 3.25, 3.26, 3.27) 
After 15 minutes of steady state standing rest there was a significant difference in forced 
vital capacity between distributions at the 25 kg load (Table 3.26) with the ADF Split 
distribution being significantly decreased compared to the Backpack only distribution 
condition (P<0.05). This significant decrease in forced vital capacity between the ADF 
split and Backpack distribution conditions was also evident at the 35 kg load (Table 
142 
 
3.27), along with a significant decrease in forced expired volume in one second 
(P<0.05). 
3.4.2.2 Marching at 4.8km.hr-1 
3.4.2.2.1 Physiological Variables (Table 3.28, 3.29, 3.30) 
During steady state marching at 4.8km.hr-1 there was a significant difference in oxygen 
consumption and heart rate at the 35 kg load (Table 3.30) with the ADF split condition 
being significantly decreased compared to both Backpack and Body Armour 
distribution conditions (P<0.05). 
3.4.2.2.2 Ventilatory Variables (Table 3.31, 3.32, 3.33) 
During steady state marching at 4.8km.hr-1 there was a significant difference in 
operational lung volumes, end expiratory volume/expiratory reserve volume, at 15 kg of 
load (Table 3.31) with the ADF split condition being significantly decreased compared 
to the Backpack distribution condition (P<0.05). This significant decrease was also 
evident at the 25 kg load (Table 3.32) along with a significant decrease in end 
inspiratory lung volume (P<0.05). At the 35 kg load these significant changes were no 
longer evident however this is probably due to the significant change to minute 
ventilation that occurred at 35 kg of load (Table 3.33) with ADF split being 
significantly decreased compared to both Backpack and Body Armour distribution 
conditions (P<0.05). There was also a significant decrease in inspiratory reserve volume 
when comparing the Body Armour distribution condition to the Backpack distribution 
condition (P<0.05). 
3.4.2.2.3 Spirometry Tests (Table 3.34, 3.35, 3.36) 
After 15 minutes of steady state marching at 4.8km.hr-1 there was a significant 
difference in forced vital capacity, forced expired volume in one second and peak 
expiratory flow between distributions at the 35 kg load (Table 3.36) with the ADF split 
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distribution being significantly decreased compared to the Backpack only distribution 
condition (P<0.05). 
3.4.2.3 Walking at 30% Peak Aerobic Power 
3.4.2.3.1 Physiological Variables (Table 3.37, 3.38, 3.39) 
During steady state walking at 30% of peak aerobic power there were no significant 
changes in any physiological variables with distribution changes at any load. 
3.4.2.3.2 Ventilatory Variables (Table 3.40, 3.41, 3.42) 
During steady state walking at 30% of peak aerobic power there was a significant 
difference in end inspiratory lung volume at 15 kg of load (Table 3.40) with the 
Backpack distribution condition being significantly increased compared to the Body 
Armour distribution condition (P<0.05). There was a significant difference in both end 
expiratory lung volume and slow vital capacity at 25 kg of load (Table 3.41) with the 
Backpack only distribution condition being significantly increased compared to the 
ADF split distribution condition (P<0.05). 
3.4.2.3.3 Spirometry Tests (Table 3.43, 3.44, 3.45) 
After 15 minutes of steady state submaximal exercise walking at 30% there was a 
significant difference in forced vital capacity (FVC) between distributions at the 35 kg 
load (Table 3.45) with the ADF split distribution condition being significantly 
decreased compared to the Backpack distribution condition (P<0.05). There was also a 
significant difference in airway occlusion pressure at the 35 kg load with the Body 
Armour distribution condition being significantly decreased compared to Backpack 
distribution condition (P<0.05). 
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3.4.2.4 Running at 60% Peak Aerobic Power 
3.4.2.4.1 Physiological Variables (Table 3.46, 3.47, 3.48) 
During steady state running at 60% of peak aerobic power there was a significant 
difference in rate perceived exertion whole body between distributions at the 25 kg load 
(Table 3.47) with the Backpack only distribution condition being significantly 
increased compared to the Body Armour distribution condition (P<0.05). There was a 
significant change in oxygen consumption between distribution conditions at 35 kg of 
load (Table 3.48) with the ADF Split distribution condition being significantly 
decreased compared to the Body Armour distribution condition (P<0.05). 
3.4.2.4.2 Ventilatory Variables (Table 3.49, 3.50, 3.51) 
During steady state running at 60% of peak aerobic power there was a significant 
difference in inspiratory time at 25 kg of load (Table 3.50) with the Backpack 
distribution condition being significantly decreased compared to the ADF Split 
distribution condition (P<0.05). There was also a significant difference in slow vital 
capacity with the Backpack distribution condition being significantly increased 
compared to the ADF Split distribution condition (P<0.05). There was a significant 
difference in the minute ventilation and breathing reserve (%) at 35 kg of load (Table 
3.51) with the Body Armour condition being significantly increased compared to the 
ADF Split distribution condition (P<0.05). 
3.4.2.4.3 Spirometry Tests (Table 3.52, 3.53, 3.54) 
After 15 minutes of steady state submaximal exercise running at 60% of peak aerobic 
there was a significant difference in forced vital capacity (FVC) between distributions at 
the 35 kg load  (Table 3.54) with the ADF split distribution condition being 
significantly decreased compared to the Backpack only distribution condition (P<0.05). 
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3.4.2.5 Phase Two – Load Distribution – Results Summary 
While there was no consistent effect of load distribution on oxygen consumption across 
the workloads the ADF split on multiple occasions did have decreased oxygen 
consumption at higher loads. This indicated that it is a more metabolically efficient way 
to distribute the load, however, only at higher loads does this become significantly 
evident. Operational lung volumes, end inspiratory lung volume and end expiratory lung 
volumes/expiratory reserve volume in general were also decreased in the ADF split 
compared to the other load distributions indicating that a greater restriction was placed 
on the chest due to the combination of both the body armour and backpack being worn. 
At the 35 kg load these significant changes were no longer evident, however, this is 
probably due to the significant change to minute ventilation that occurred at 35 kg of 
load with ADF being significantly decreased following the decreases seen in oxygen 
consumption. Spirometry is also significantly altered at all workloads, specifically 
volume restrictions are in encountered with the ADF split being significantly reduced 
compared to the other load distribution following similar to the finding for operational 
lung volumes. These results show that while the ADF split condition is the most 
metabolically efficient way to carry thoracic load as a result of dual loading of the chest 
further restriction is seen compared to the other load distribution conditions. 
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3.4.2.6 Phase Two – Load Distribution - Data Tables 
Table 3.19: Standing rest physiological measures for mass distribution at 15 kg (conditions; ADF split 15 kg, Backpack 15 kg and Body Armour 
15 kg). Measurements collected during 15 mins of steady state standing rest. Values expressed as means and standard errors of the means (n=12). 
If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is shown 
by differing letters (a, b, c,…).  
Variable ADF Split 15 kg Backpack 15 kg Body Armour 15 kg 
Oxygen consumption:    
absolute (L.min-1) 0.39±0.01 0.38±0.02 0.41±0.01 
mass specific (mL.kg-1.min-1) 4.82±0.18 4.76±0.26 5.03±0.18 
mass specific with load (mL.kg-1.min-1) 4.06±0.15 4.01±0.21 4.24±.014 
Carbon dioxide production (L.min-1) 0.35±0.01 0.34±0.02 0.35±0.03 
Metabolic equivalent (MET)  1.38±0.05 1.38±0.07 1.38±0.09 
Respiratory exchange ratio 0.90±0.01 0.89±0.01 0.88±0.02 
Percent oxygen (%) 17.36±0.07 17.41±0.08 17.28±0.12 
Percent carbon dioxide (%) 3.33±0.07 3.26±0.07 3.32±0.08 
RPE whole body 6.67±0.43 6.17±0.11 6.50±0.23 
RPE chest 6.92±0.42 6.42±0.19 6.92±0.26 
RP Dyspnoea 0.25±0.08 0.21±0.10 0.54±0.18 
Work (J) 0.00±0.00 0.00±0.00 0.00±0.00 
Heart rate (beats.min-1) 80±3 78±4 79±3 





Table 3.20: Standing rest physiological measures for mass distribution at 25 kg (conditions; ADF split 25 kg, Backpack 25 kg and Body Armour 
25 kg). Measurements collected during 15 mins of steady state standing rest. Values expressed as means and standard errors of the means (n=12). 
If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is shown 
by differing letters (a, b, c,…).  
Variable ADF Split 25 kg Backpack 25 kg Body Armour 25 kg 
Oxygen consumption:    
absolute (L.min-1) 0.39±0.02a 0.43±0.01b 0.40±0.01ab 
mass specific (mL.kg-1.min-1) 4.79±0.24a 5.29±0.21b 4.99±0.18ab 
mass specific with load (mL.kg-1.min-1) 3.65±0.17a 4.04±0.15b 3.80±0.12ab 
Carbon dioxide production (L.min-1) 0.34±0.01 0.38±0.01 0.36±0.01 
Metabolic equivalent (MET)  1.37±0.07a 1.51±0.06b 1.43±0.05ab 
Respiratory exchange ratio 0.89±0.02 0.88±0.01 0.90±0.02 
Percent oxygen (%) 17.38±0.09 17.19±0.11 17.38±0.07 
Percent carbon dioxide (%) 3.25±0.07 3.41±0.09 3.28±0.07 
RPE whole body 6.67±0.28 6.75±0.39 6.75±0.46 
RPE chest 7.33±0.47 7.00±0.49 7.17±0.51 
RP Dyspnoea 0.67±0.19 0.29±0.11 0.54±0.21 
Work (J) 0.00±0.00 0.00±0.00 0.00±0.00 
Heart rate (beats.min-1) 81±4 82±4 80±4 






Table 3.21: Standing rest physiological measures for mass distribution at 35 kg (conditions; ADF split 35 kg, Backpack 35 kg and Body Armour 
35 kg). Measurements collected during 15 mins of steady state standing rest. Values expressed as means and standard errors of the means (n=12). 
If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is shown 
by differing letters (a, b, c,…).  
Variable ADF Split 35 kg Backpack 35 kg Body Armour 35 kg 
Oxygen consumption:    
absolute (L.min-1) 0.40±0.01 0.42±0.02 0.43±0.01 
mass specific (mL.kg-1.min-1) 5.00±0.22 5.23±0.30 5.28±0.18 
mass specific with load (mL.kg-1.min-1) 3.48±0.14 3.64±0.19 3.68±0.12 
Carbon dioxide production (L.min-1) 0.36±0.02 0.39±0.02 0.38±0.01 
Metabolic equivalent (MET)  1.43±0.06 1.49±0.08 1.51±0.05 
Respiratory exchange ratio 0.90±0.02 0.92±0.01 0.89±0.02 
Percent oxygen (%) 17.43±0.08 17.45±0.10 17.35±0.07 
Percent carbon dioxide (%) 3.25±0.07 3.29±0.08 3.30±0.06 
RPE whole body 7.25±0.37 8.00±0.66 7.83±0.69 
RPE chest 7.50±0.53 8.00±0.78 7.92±0.75 
RP Dyspnoea 0.50±0.17 0.50±0.16 0.71±0.26 
Work (J) 0.00±0.00 0.00±0.00 0.00±0.00 
Heart rate (beats.min-1) 79±4 83±5 81±3 






Table 3.22: Standing rest ventilatory measures for mass distribution at 15 kg (conditions; ADF split 15 kg, Backpack 15 kg and Body Armour 15 
kg). Measurements collected during 15 mins of steady state standing rest. Values expressed as means and standard errors of the means (n=12). If 
a condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is shown by 
differing letters (a, b, c,…).  
Variable ADF Split 15 kg Backpack 15 kg Body Armour 15 kg 
Minute ventilation (L.min-1) 13.00±0.48 12.95±0.61 12.94±1.05 
Breathing frequency (breaths.min-1) 17.59±1.07 17.30±0.83 17.75±1.28 
Tidal volume (L) 0.77±0.04 0.77±0.03 0.74±0.04 
Breathing reserve (L.min-1) 153.33±9.17 159.21±5.85 152.92±5.47 
Breathing reserve (%) 8.11±0.55 7.53±0.25 7.83±0.67 
Inspiratory time (s) 3.67±0.28 3.64±0.18 5.45±2.13 
Expiratory time (s) 1.98±0.12 1.98±0.08 1.92±0.10 
Total respiratory cycle time (s) 5.65±0.39 5.62±0.25 7.37±2.21 
Respiratory duty cycle (dimensionless) 0.65±0.01 0.64±0.01 0.62±0.02 
End inspiratory lung volume (L) 2.58±0.09 2.75±0.15 2.70±0.12 
End expiratory lung volume/Expiratory reserve volume (L) 1.75±0.09 1.73±0.13 1.75±0.09 
Inspiratory reserve volume (L) 2.70±0.13 2.55±0.22 2.62±0.15 








Table 3.23: Standing rest ventilatory measures for mass distribution at 25 kg (conditions; ADF split 25 kg, Backpack 25 kg and Body Armour 25 
kg). Measurements collected during 15 mins of steady state standing rest. Values expressed as means and standard errors of the means (n=12). If 
a condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is shown by 
differing letters (a, b, c,…).  
Variable ADF Split 25 kg Backpack 25 kg Body Armour 25 kg 
Minute ventilation (L.min-1) 12.83±0.53 13.55±0.46 13.52±0.46 
Breathing frequency (breaths.min-1) 18.00±1.09 17.37±1.05 18.23±1.02 
Tidal volume (L) 0.75±0.05 0.82±0.04 0.78±0.04 
Breathing reserve (L.min-1) 144.76±8.57 155.58±8.90 146.20±8.17 
Breathing reserve (%) 8.41±0.57 8.24±0.47 8.64±0.40 
Inspiratory time (s) 3.55±0.23 3.72±0.26 3.53±0.24 
Expiratory time (s) 1.90±0.11 2.03±0.14 1.91±0.10 
Total respiratory cycle time (s) 5.46±0.33 5.75±0.39 5.44±0.34 
Respiratory duty cycle (dimensionless) 0.65±0.01 0.65±0.01 0.64±0.00 
End inspiratory lung volume (L) 2.47±0.10 2.64±0.13 2.41±0.13 
End expiratory lung volume/Expiratory reserve volume (L) 1.65±0.09 1.69±0.12 1.50±0.12 
Inspiratory reserve volume (L) 2.67±0.13 2.62±0.11 2.70±0.12 








Table 3.24: Standing rest ventilatory measures for mass distribution at 35 kg (conditions; ADF split 35 kg, Backpack 35 kg and Body Armour 35 
kg). Measurements collected during 15 mins of steady state standing rest. Values expressed as means and standard errors of the means (n=12). If 
a condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is shown by 
differing letters (a, b, c,…).  
Variable ADF Split 35 kg Backpack 35 kg Body Armour 35 kg 
Minute ventilation (L.min-1) 13.64±0.54 14.42±0.61 14.24±0.58 
Breathing frequency (breaths.min-1) 18.33±0.94 18.91±0.84 19.52±1.23 
Tidal volume (L) 0.76±0.02 0.79±0.04 0.77±0.05 
Breathing reserve (L.min-1) 150.24±7.08 147.04±5.07 152.06±7.21 
Breathing reserve (%) 8.50±0.52 8.96±0.32 8.70±0.45 
Inspiratory time (s) 3.46±0.21 3.35±0.18 3.29±0.23 
Expiratory time (s) 1.86±0.10 1.79±0.10 1.72±0.11 
Total respiratory cycle time (s) 5.31±0.30 5.14±0.26 5.02±0.33 
Respiratory duty cycle (dimensionless) 0.65±0.01 0.65±0.01 0.65±0.01 
End inspiratory lung volume (L) 2.47±0.12ab 2.57±0.17a 2.26±0.15b 
End expiratory lung volume/Expiratory reserve volume (L) 1.59±0.11a 1.58±0.13a 1.28±0.12b 
Inspiratory reserve volume (L) 2.48±0.17 2.51±0.18 2.51±0.18 








Table 3.25: Standing rest spirometry tests for mass distribution at 15 kg (conditions; ADF split 15 kg, Backpack 15 kg and Body Armour 15 kg). 
Measurements collected following 15 mins of steady state standing rest. Values expressed as means and standard errors of the means (n=12). If a 
condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is shown by 
differing letters (a, b, c,…).  
Variable ADF Split 15 kg Backpack 15 kg Body Armour 15 kg 
MVV 15sec (L) 166.32±9.08 172.16±6.24 165.86±5.69 
FVC (L) 5.88±0.12 6.08±0.19 5.81±0.13 
FEV1 (L) 4.56±0.16 4.75±0.14 4.56±0.17 
FEV1/FVC (%) 78.00±2.00 78.83±1.94 78.88±1.91 
PEF (L.min-1) 10.96±0.49 10.81±0.43 10.98±0.51 
FEF25-75% (L.min-1) 4.04±0.34 4.24±0.30 4.13±0.35 
P0.1 (mmH2O) -1.85±0.24 -1.81±0.20 -1.68±0.25 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 









Table 3.26: Standing rest spirometry tests for mass distribution at 25 kg (conditions; ADF split 25 kg, Backpack 25 kg and Body Armour 25 kg). 
Measurements collected following 15 mins of steady state standing rest. Values expressed as means and standard errors of the means (n=12). If a 
condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is shown by 
differing letters (a, b, c,…).  
Variable ADF Split 25 kg Backpack 25 kg Body Armour 25 kg 
MVV 15sec (L) 157.59±8.53 169.13±9.11 159.72±8.41 
FVC (L) 5.62±0.13a 5.86±0.14b 5.79±0.13ab 
FEV1 (L) 4.42±0.13 4.61±0.11 4.51±0.12 
FEV1/FVC (%) 79.42±2.02 79.17±2.01 78.64±1.98 
PEF (L.min-1) 10.54±0.37 10.91±0.33 10.84±0.40 
FEF25-75% (L.min-1) 4.21±0.33 4.23±0.29 3.99±0.28 
P0.1 (mmH2O) -1.85±0.25 -1.90±0.27 -1.79±0.19 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 









Table 3.27: Standing rest spirometry tests for mass distribution at 35 kg (conditions; ADF split 35 kg, Backpack 35 kg and Body Armour 35 kg). 
Measurements collected following 15 mins steady state standing rest. Values expressed as means and standard errors of the means (n=12). If a 
condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is shown by 
differing letters (a, b, c,…).  
Variable ADF Split 35 kg Backpack 35 kg Body Armour 35 kg 
MVV 15sec (L) 163.88±7.08 161.46±5.36 166.29±7.39 
FVC (L) 5.42±0.14a 5.76±0.12b 5.66±0.11ab 
FEV1 (L) 4.22±0.09a 4.49±0.13b 4.43±0.12ab 
FEV1/FVC (%) 78.36±1.85 78.24±2.07 79.06±1.88 
PEF (L.min-1) 10.18±0.39 10.63±0.42 10.77±0.28 
FEF25-75% (L.min-1) 3.66±0.22 3.98±0.31 3.95±0.30 
P0.1 (mmH2O) -1.90±0.30 -2.29±0.30 -1.79±0.21 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 









Table 3.28: Submaximal physiological measures for mass distribution at 15 kg (conditions; ADF split 15 kg, Backpack 15 kg and Body Armour 
15 kg). Measurements collected during 15 mins of steady state marching (4.8 km.hr-1). Values expressed as means and standard errors of the 
means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 15 kg Backpack 15 kg Body Armour 15 kg 
Oxygen consumption:    
absolute (L.min-1) 1.23±0.04 1.22±0.04 1.25±0.04 
mass specific (mL.kg-1.min-1) 15.08±0.48 15.00±0.35 15.43±0.42 
mass specific with load (mL.kg-1.min-1) 12.71±0.38 12.64±0.28 13.00±0.33 
Carbon dioxide production (L.min-1) 1.11±0.04 1.09±0.03 1.12±0.04 
Metabolic equivalent (MET)  4.31±0.14 4.29±0.10 4.41±0.12 
Respiratory exchange ratio 0.91±0.01 0.89±0.01 0.89±0.01 
Percent oxygen (%) 16.42±0.06 16.38±0.08 16.39±0.09 
Percent carbon dioxide (%) 4.21±0.05 4.20±0.07 4.18±0.06 
RPE whole body 8.25±0.45 7.92±0.42 8.50±0.57 
RPE chest 8.33±0.48 7.83±0.44 8.67±0.57 
RP Dyspnoea 0.54±0.11 0.63±0.16 0.83±0.22 
Work (J) 11373.00±323.19 11373.00±323.19 11373.00±323.19 
Heart rate (beats.min-1) 102±4 100±4 101±3 






Table 3.29: Submaximal physiological measures for mass distribution at 25 kg (conditions; ADF split 25 kg, Backpack 25 kg and Body Armour 
25 kg). Measurements collected during 15 mins of steady state of marching (4.8 km.hr-1). Values expressed as means and standard errors of the 
means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 25 kg Backpack 25 kg Body Armour 25 kg 
Oxygen consumption:    
absolute (L.min-1) 1.36±0.06 1.35±0.03 1.34±0.03 
mass specific (mL.kg-1.min-1) 16.63±0.41 16.60±0.32 16.53±0.31 
mass specific with load (mL.kg-1.min-1) 12.70±0.32 12.67±0.19 12.62±0.20 
Carbon dioxide production (L.min-1) 1.20±0.05 1.20±0.03 1.20±0.03 
Metabolic equivalent (MET)  4.75±0.12 4.75±0.09 4.73±0.09 
Respiratory exchange ratio 0.89±0.01 0.89±0.01 0.89±0.01 
Percent oxygen (%) 16.32±0.07 16.35±0.08 16.38±0.10 
Percent carbon dioxide (%) 4.23±0.06 4.22±0.07 4.21±0.08 
RPE whole body 9.42±0.58 10.08±0.54 9.33±0.64 
RPE chest 10.00±0.76 9.58±0.45 9.25±0.71 
RP Dyspnoea 1.29±0.25 1.17±0.24 1.00±0.26 
Work (J) 12550.00±323.19 12550.00±323.19 12550.00±323.19 
Heart rate (beats.min-1) 108±3 103±3 108±3 






Table 3.30: Submaximal physiological measures for mass distribution at 35 kg (conditions; ADF split 35 kg, Backpack 35 kg and Body Armour 
35 kg). Measurements collected during 15 mins of steady state marching (4.8 km.hr-1). Values expressed as means and standard errors of the 
means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 35 kg Backpack 35 kg Body Armour 35 kg 
Oxygen consumption:    
absolute (L.min-1) 1.42±0.04a 1.50±0.04b 1.50±0.04b 
mass specific (mL.kg-1.min-1) 17.47±0.38a 18.46±0.39b 18.52±0.46b 
mass specific with load (mL.kg-1.min-1) 12.18±0.21a 12.88±0.24b 12.91±0.28b 
Carbon dioxide production (L.min-1) 1.27±0.04a 1.37±0.04b 1.35±0.04b 
Metabolic equivalent (MET)  5.05±0.10a 5.28±0.11ab 5.52±0.17b 
Respiratory exchange ratio 0.89±0.01 0.91±0.01 0.90±0.01 
Percent oxygen (%) 16.40±0.08 16.45±0.08 16.40±0.06 
Percent carbon dioxide (%) 4.18±0.07 4.21±0.07 4.19±0.06 
RPE whole body 10.75±0.48 11.75±0.70 11.08±0.65 
RPE chest 10.75±0.76 11.25±0.78 11.08±0.61 
RP Dyspnoea 1.29±0.28 1.33±0.32 1.58±0.32 
Work (J) 13726.00±323.19 13726.00±323.19 13726.00±323.19 
Heart rate (beats.min-1) 107±3a 113±5b 113±5ab 






Table 3.31: Submaximal ventilatory measures for mass distribution at 15 kg (conditions; ADF split 15 kg, Backpack 15 kg and Body Armour 15 
kg). Measurements collected during 15 mins of steady state marching (4.8 km.hr-1). Values expressed as means and standard errors of the means 
(n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is 
shown by differing letters (a, b, c,…).  
Variable ADF Split 15 kg Backpack 15 kg Body Armour 15 kg 
Minute ventilation (L.min-1) 32.27±1.17 31.69±0.79 32.91±1.39 
Breathing frequency (breaths.min-1) 26.75±1.10 24.82±0.89 27.03±1.10 
Tidal volume (L) 1.25±0.07 1.30±0.04 1.23±0.05 
Breathing reserve (L.min-1) 126.28±9.45 130.54±7.18 126.51±7.65 
Breathing reserve (%) 21.29±1.58 19.96±1.00 21.22±1.35 
Inspiratory time (s) 2.32±0.11 2.46±0.09 2.27±0.10 
Expiratory time (s) 1.37±0.11 1.42±0.05 1.31±0.05 
Total respiratory cycle time (s) 3.70±0.21 3.88±0.14 3.58±0.14 
Respiratory duty cycle (dimensionless) 0.63±0.01 0.63±0.00 0.63±0.01 
End inspiratory lung volume (L) 2.58±0.10a 2.78±0.10b 2.66±0.09ab 
End expiratory lung volume/Expiratory reserve volume (L) 1.19±0.09 1.20±0.10 1.18±0.09 
Inspiratory reserve volume (L) 2.24±0.14 2.19±0.17 2.19±0.09 








Table 3.32: Submaximal ventilatory measures for mass distribution at 25 kg (conditions; ADF split 25 kg, Backpack 25 kg and Body Armour 25 
kg). Measurements collected during 15 mins of steady state marching (4.8 km.hr-1). Values expressed as means and standard errors of the means 
(n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is 
shown by differing letters (a, b, c,…).  
Variable ADF Split 25 kg Backpack 25 kg Body Armour 25 kg 
Minute ventilation (L.min-1) 34.68±1.51 34.93±1.02 34.97±1.14 
Breathing frequency (breaths.min-1) 27.64±1.22 27.24±1.32 29.19±1.35 
Tidal volume (L) 1.27±0.05 1.36±0.08 1.22±0.04 
Breathing reserve (L.min-1) 117.41±8.98 131.94±8.23 122.88±8.61 
Breathing reserve (%) 23.64±1.72 21.64±1.51 22.94±1.60 
Inspiratory time (s) 2.22±0.10 2.34±0.17 2.11±0.10 
Expiratory time (s) 1.28±0.06 1.45±0.19 1.23±0.05 
Total respiratory cycle time (s) 3.50±0.16 3.79±0.36 3.34±0.15 
Respiratory duty cycle (dimensionless) 0.63±0.00 0.63±0.01 0.63±0.00 
End inspiratory lung volume (L) 2.56±0.12ab 2.70±0.14a 2.47±0.11b 
End expiratory lung volume/Expiratory reserve volume (L) 1.09±0.10ab 1.15±0.11a 1.01±0.09b 
Inspiratory reserve volume (L) 2.02±0.14 2.04±0.11 2.17±0.14 







Table 3.33: Submaximal ventilatory measures for mass distribution at 35 kg (conditions; ADF split 35 kg, Backpack 35 kg and Body Armour 35 
kg). Measurements collected during 15 mins of steady state marching (4.8 km.hr-1). Values expressed as means and standard errors of the means 
(n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is 
shown by differing letters (a, b, c,…).  
Variable ADF Split 35 kg Backpack 35 kg Body Armour 35 kg 
Minute ventilation (L.min-1) 36.79±1.17a 39.73±1.20b 39.04±1.32b 
Breathing frequency (breaths.min-1) 30.09±1.23 30.75±1.32 30.83±1.37 
Tidal volume (L) 1.25±0.05 1.32±0.05 1.29±0.05 
Breathing reserve (L.min-1) 125.84±6.08 122.52±6.70 123.07±8.51 
Breathing reserve (%) 22.97±1.18 24.98±1.34 24.85±1.64 
Inspiratory time (s) 2.03±0.08 2.00±0.09 1.99±0.09 
Expiratory time (s) 1.16±0.05 1.19±0.07 1.17±0.06 
Total respiratory cycle time (s) 3.19±0.13 3.19±0.16 3.16±0.15 
Respiratory duty cycle (dimensionless) 0.63±0.01 0.62±0.01 0.61±0.02 
End inspiratory lung volume (L) 2.50±0.10 2.53±0.11 2.61±0.14 
End expiratory lung volume/Expiratory reserve volume (L) 0.97±0.08 1.03±0.10 0.92±0.08 
Inspiratory reserve volume (L) 1.92±0.13ab 2.09±0.13a 1.87±0.16b 








Table 3.34: Submaximal spirometry tests for mass distribution at 15 kg (conditions; ADF split 15 kg, Backpack 15 kg and Body Armour 15 kg). 
Measurements collected following 15 mins of steady state marching (4.8 km.hr-1). Values expressed as means and standard errors of the means 
(n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is 
shown by differing letters (a, b, c,…).  
Variable ADF Split 15 kg Backpack 15 kg Body Armour 15 kg 
MVV 15sec (L) 158.54±9.50 162.23±7.27 159.43±7.85 
FVC (L) 5.82±0.13 5.95±0.17 5.76±0.13 
FEV1 (L) 4.57±0.15 4.71±0.13 4.57±0.16 
FEV1/FVC (%) 78.89±1.92 80.27±1.86 80.01±1.81 
PEF (L.min-1) 10.80±0.40 10.75±0.36 10.75±0.48 
FEF25-75% (L.min-1) 4.11±0.33a 4.39±0.30b 4.21±0.31ab 
P0.1 (mmH2O) -1.90±0.29 -2.23±0.31 -1.93±0.29 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 









Table 3.35: Submaximal spirometry tests for mass distribution at 25 kg (conditions; ADF split 25 kg, Backpack 25 kg and Body Armour 25 kg). 
Measurements collected following 15 mins of steady state marching (4.8 km.hr-1). Values expressed as means and standard errors of the means 
(n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is 
shown by differing letters (a, b, c,…).  
Variable ADF Split 25 kg Backpack 25 kg Body Armour 25 kg 
MVV 15sec (L) 152.09±8.78 166.87±7.89 157.85±8.62 
FVC (L) 5.57±.13 5.67±0.13 5.66±0.13 
FEV1 (L) 4.40±0.13 4.49±0.10 4.44±0.14 
FEV1/FVC (%) 80.08±2.33 80.29±2.01 80.50±2.33 
PEF (L.min-1) 10.45±0.50 10.26±0.39 10.49±0.49 
FEF25-75% (L.min-1) 4.02±0.32 4.15±0.27 4.08±0.33 
P0.1 (mmH2O) -2.12±0.28 -2.08±0.36 -1.97±0.14 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 









Table 3.36: Submaximal spirometry tests for mass distribution at 35 kg (conditions; ADF split 35 kg, Backpack 35 kg and Body Armour 35 kg). 
Measurements collected following 15 mins of steady state marching (4.8 km.hr-1). Values expressed as means and standard errors of the means 
(n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is 
shown by differing letters (a, b, c,…).  
Variable ADF Split 35 kg Backpack 35 kg Body Armour 35 kg 
MVV 15sec (L) 162.63±5.92 162.25±6.57 162.11±8.12 
FVC (L) 5.40±0.11a 5.67±0.11b 5.57±0.10b 
FEV1 (L) 4.29±0.10a 4.48±0.12b 4.40±0.13ab 
FEV1/FVC (%) 81.01±2.06 81.14±2.36 81.60±2.14 
PEF (L.min-1) 10.05±0.30a 10.80±0.53b 10.62±0.45ab 
FEF25-75% (L.min-1) 4.01±0.29 4.20±0.33 4.15±0.34 
P0.1 (mmH2O) -2.48±0.32 -2.60±0.34 -1.94±0.15 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 









Table 3.37: Submaximal physiological measures for mass distribution at 15 kg (conditions; ADF split 15 kg, Backpack 15 kg and Body Armour 
15 kg). Measurements collected during 15 mins of steady state walking at 30% peak aerobic power. Values expressed as means and standard 
errors of the means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference 
between conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 15 kg Backpack 15 kg Body Armour 15 kg 
Oxygen consumption:    
absolute (L.min-1) 1.79±0.08 1.75±0.06 1.81±0.03 
mass specific (mL.kg-1.min-1) 21.98±0.73 21.48±0.67 22.38±0.55 
mass specific with load (mL.kg-1.min-1) 18.54±0.61 18.10±0.54 18.86±0.39 
Carbon dioxide production (L.min-1) 1.68±0.07 1.60±0.05 1.68±0.05 
Metabolic equivalent (MET)  6.28±0.21 6.14±0.19 6.40±0.16 
Respiratory exchange ratio 0.94±0.01 0.92±0.01 0.93±0.01 
Percent oxygen (%) 16.42±0.06 16.34±0.07 16.43±0.08 
Percent carbon dioxide (%) 4.33±0.06 4.33±0.06 4.27±0.06 
RPE whole body 10.50±0.56 10.83±0.68 10.42±0.67 
RPE chest 10.25±0.70 10.08±0.67 10.42±0.72 
RP Dyspnoea 1.08±0.21 1.08±0.18 1.17±0.22 
Work (J) 15003.00±439.13 15003.00±439.13 15003.00±439.13 
Heart rate (beats.min-1) 125.08±3.99 120.67±3.64 122.92±4.03 






Table 3.38: Submaximal physiological measures for mass distribution at 25 kg (conditions; ADF split 25 kg, Backpack 25 kg and Body Armour 
25 kg). Measurements collected during 15 mins of steady state walking at 30% peak aerobic power. Values expressed as means and standard 
errors of the means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference 
between conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 25 kg Backpack 25 kg Body Armour 25 kg 
Oxygen consumption:    
absolute (L.min-1) 1.77±0.08 1.70±0.06 1.77±0.06 
mass specific (mL.kg-1.min-1) 21.71±0.67 20.89±0.76 21.74±0.63 
mass specific with load (mL.kg-1.min-1) 16.59±0.52 15.95±0.55 16.59±0.45 
Carbon dioxide production (L.min-1) 1.62±0.08 1.54±0.06 1.62±0.06 
Metabolic equivalent (MET)  6.21±0.19 5.97±0.22 6.21±0.18 
Respiratory exchange ratio 0.91±0.01 0.91±0.01 0.92±0.01 
Percent oxygen (%) 16.40±0.05 16.36±0.07 16.38±0.07 
Percent carbon dioxide (%) 4.26±0.06 4.28±0.07 4.29±0.06 
RPE whole body 11.33±0.56 11.92±0.47 11.08±0.58 
RPE chest 11.42±0.69 11.50±0.67 11.25±0.72 
RP Dyspnoea 1.83±0.26 1.71±0.26 1.54±0.29 
Work (J) 15503.00±464.54 15503.00±464.54 15503.00±464.54 
Heart rate (beats.min-1) 128.33±3.81 122.08±4.31 122.00±3.68 






Table 3.39: Submaximal physiological measures for mass distribution at 35 kg (conditions; ADF split 35 kg, Backpack 35 kg and Body Armour 
35 kg). Measurements collected during 15 mins of steady state walking at 30% peak aerobic power. Values expressed as means and standard 
errors of the means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference 
between conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 35 kg Backpack 35 kg Body Armour 35 kg 
Oxygen consumption:    
absolute (L.min-1) 1.70±0.06 1.73±0.09 1.79±0.07 
mass specific (mL.kg-1.min-1) 20.82±0.45 21.26±0.99 22.02±0.66 
mass specific with load (mL.kg-1.min-1) 14.53±0.30 14.84±0.68 15.37±0.45 
Carbon dioxide production (L.min-1) 1.54±0.06 1.59±0.10 1.63±0.07 
Metabolic equivalent (MET)  5.95±0.13 6.08±0.28 6.30±0.19 
Respiratory exchange ratio 0.91±0.01 0.92±0.01 0.91±0.01 
Percent oxygen (%) 16.43±0.07 16.46±0.08 16.45±0.07 
Percent carbon dioxide (%) 4.20±0.07 4.21±0.05 4.18±0.06 
RPE whole body 12.58±0.62 12.75±0.76 12.33±0.66 
RPE chest 12.17±0.75 12.00±0.87 12.33±0.74 
RP Dyspnoea 1.79±0.31 1.83±0.29 2.08±0.28 
Work (J) 15988.00±483.52 15988.00±483.52 15988.00±483.52 
Heart rate (beats.min-1) 120.42±3.37 126.50±5.74 125.75±5.41 






Table 3.40: Submaximal ventilatory measures for mass distribution at 15 kg (conditions; ADF split 15 kg, Backpack 15 kg and Body Armour 15 
kg). Measurements collected during 15 mins of steady state walking at 30% peak aerobic power. Values expressed as means and standard errors 
of the means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 15 kg Backpack 15 kg Body Armour 15 kg 
Minute ventilation (L.min-1) 47.57±2.33 45.30±1.56 48.36±1.36 
Breathing frequency (breaths.min-1) 31.91±1.53 29.50±1.11 32.28±1.29 
Tidal volume (L) 1.51±0.07 1.56±0.06 1.52±0.06 
Breathing reserve (L.min-1) 118.16±7.77 116.00±7.97 114.89±5.52 
Breathing reserve (%) 29.41±1.92 28.90±1.80 29.95±1.24 
Inspiratory time (s) 1.92±0.09 2.07±0.08 1.90±0.08 
Expiratory time (s) 1.14±0.04 1.21±0.04 1.15±0.04 
Total respiratory cycle time (s) 3.06±0.13 3.28±0.12 3.04±0.11 
Respiratory duty cycle (dimensionless) 0.63±0.00 0.63±0.00 0.62±0.01 
End inspiratory lung volume (L) 2.87±0.10ab 3.08±0.11a 2.79±0.09b 
End expiratory lung volume/Expiratory reserve volume (L) 1.10±0.09 1.09±0.08 1.08±0.07 
Inspiratory reserve volume (L) 1.90±0.12 1.80±0.09 1.95±0.11 








Table 3.41: Submaximal ventilatory measures for mass distribution at 25 kg (conditions; ADF split 25 kg, Backpack 25 kg and Body Armour 25 
kg). Measurements collected during 15 mins of steady state walking at 30% peak aerobic power. Values expressed as means and standard errors 
of the means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 25 kg Backpack 25 kg Body Armour 25 kg 
Minute ventilation (L.min-1) 46.33±2.10 44.12±1.69 46.19±1.69 
Breathing frequency (breaths.min-1) 31.26±1.07 31.00±1.12 32.02±1.19 
Tidal volume (L) 1.50±0.08 1.44±0.06 1.46±0.06 
Breathing reserve (L.min-1) 112.31±10.26 121.44±9.17 112.79±8.07 
Breathing reserve (%) 30.63±2.53 27.92±2.51 29.92±1.96 
Inspiratory time (s) 1.95±0.07 1.97±0.08 1.90±0.07 
Expiratory time (s) 1.16±0.04 1.17±0.06 1.12±0.04 
Total respiratory cycle time (s) 3.10±0.11 3.14±0.13 3.02±0.11 
Respiratory duty cycle (dimensionless) 0.63±0.00 0.63±0.01 0.63±0.00 
End inspiratory lung volume (L) 2.83±0.11 2.96±0.15 2.88±0.10 
End expiratory lung volume/Expiratory reserve volume (L) 1.01±0.08a 1.20±0.12b 1.03±0.09a 
Inspiratory reserve volume (L) 1.75±0.15 1.91±0.13 1.87±0.14 








Table 3.42: Submaximal ventilatory measures for mass distribution at 35 kg (conditions; ADF split 35 kg, Backpack 35 kg and Body Armour 35 
kg). Measurements collected during 15 mins of steady state walking at 30% peak aerobic power. Values expressed as means and standard errors 
of the means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 35 kg Backpack 35 kg Body Armour 35 kg 
Minute ventilation (L.min-1) 44.70±1.85 46.02±2.48 47.66±1.94 
Breathing frequency (breaths.min-1) 33.32±1.39 32.84±1.36 34.36±1.36 
Tidal volume (L) 1.36±0.06 1.42±0.07 1.40±0.06 
Breathing reserve (L.min-1) 120.55±7.04 114.53±7.66 116.46±7.13 
Breathing reserve (%) 27.54±1.55 29.48±2.43 29.60±1.73 
Inspiratory time (s) 1.84±0.08 1.86±0.09 1.78±0.07 
Expiratory time (s) 1.07±0.04 1.08±0.05 1.06±0.05 
Total respiratory cycle time (s) 2.90±0.13 2.95±0.13 2.84±0.11 
Respiratory duty cycle (dimensionless) 0.63±0.00 0.63±0.00 0.63±0.00 
End inspiratory lung volume (L) 2.66±0.11 2.73±0.16 2.76±0.12 
End expiratory lung volume/Expiratory reserve volume (L) 1.02±0.06 1.06±0.12 1.00±0.07 
Inspiratory reserve volume (L) 1.86±0.12 1.99±0.16 1.87±0.14 








Table 3.43: Submaximal spirometry tests for mass distribution at 15 kg (conditions; ADF split 15 kg, Backpack 15 kg and Body Armour 15 kg). 
Measurements collected following 15 mins of steady state walking at 30% peak aerobic power. Values expressed as means and standard errors of 
the means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 15 kg Backpack 15 kg Body Armour 15 kg 
MVV 15sec (L) 165.72±7.76 161.30±7.92 163.25±5.49 
FVC (L) 5.86±0.13 5.92±0.15 5.81±0.13 
FEV1 (L) 4.64±0.15 4.75±0.13 4.67±0.14 
FEV1/FVC (%) 80.29±2.08 80.98±1.97 80.84±1.84 
PEF (L.min-1) 11.14±0.48 10.37±0.40 10.75±0.40 
FEF25-75% (L.min-1) 4.31±0.36 4.55±0.34 4.45±0.35 
P0.1 (mmH2O) -2.24±0.27 -2.38±0.52 -2.13±0.27 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 









Table 3.44: Submaximal spirometry tests for mass distribution at 25 kg (conditions; ADF split 25 kg, Backpack 25 kg and Body Armour 25 kg). 
Measurements collected following 15 mins of steady state walking at 30% peak aerobic power. Values expressed as means and standard errors of 
the means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 25 kg Backpack 25 kg Body Armour 25 kg 
MVV 15sec (L) 158.64±9.37 165.56±8.54 158.98±7.89 
FVC (L) 5.61±0.13 5.76±0.12 5.61±0.12 
FEV1 (L) 4.49±0.14 4.57±0.13 4.48±0.13 
FEV1/FVC (%) 82.03±2.29 80.33±2.10 81.40±1.98 
PEF (L.min-1) 10.59±0.52 10.80±0.43 10.50±0.42 
FEF25-75% (L.min-1) 4.25±0.32 4.22±0.31 4.22±0.31 
P0.1 (mmH2O) -2.33±0.25 -2.56±0.45 -1.94±0.23 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 









Table 3.45: Submaximal spirometry tests for mass distribution at 35 kg (conditions; ADF split 35 kg, Backpack 35 kg and Body Armour 35 kg). 
Measurements collected following 15 mins of steady state walking at 30% peak aerobic power. Values expressed as means and standard errors of 
the means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 35 kg Backpack 35 kg Body Armour 35 kg 
MVV 15sec (L) 165.25±6.82 160.55±6.13 164.12±7.13 
FVC (L) 5.42±0.11a 5.64±0.12b 5.52±0.09ab 
FEV1 (L) 4.31±0.11a 4.49±0.13b 4.45±0.12ab 
FEV1/FVC (%) 81.93±2.07 80.99±2.09 82.38±1.96 
PEF (L.min-1) 10.37±0.30 10.53±0.72 10.68±0.37 
FEF25-75% (L.min-1) 4.09±0.30 4.27±0.35 4.24±0.32 
P0.1 (mmH2O) -2.60±0.39ab -2.80±0.31a -2.00±0.19b 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 









Table 3.46: Submaximal physiological measures for mass distribution at 15 kg (conditions; ADF split 15 kg, Backpack 15 kg and Body Armour 
15 kg). Measurements collected during 15 mins of steady state running at 60% peak aerobic power. Values expressed as means and standard 
errors of the means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference 
between conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 15 kg Backpack 15 kg Body Armour 15 kg 
Oxygen consumption:    
absolute (L.min-1) 2.97±0.09 2.98±0.10 2.92±0.08 
mass specific (mL.kg-1.min-1) 36.49±0.54 36.52±0.62 35.91±0.55 
mass specific with load (mL.kg-1.min-1) 30.77±0.42 30.80±0.50 30.27±0.38 
Carbon dioxide production (L.min-1) 2.90±0.10 2.85±0.10 2.79±0.09 
Metabolic equivalent (MET)  10.43±0.16 10.44±0.18 10.26±0.16 
Respiratory exchange ratio 0.98±0.01 0.96±0.01 0.95±0.01 
Percent oxygen (%) 16.54±0.08 16.49±0.06 16.47±0.08 
Percent carbon dioxide (%) 4.35±0.07 4.35±0.06 4.34±0.06 
RPE whole body 12.67±0.71 13.17±0.56 13.08±0.53 
RPE chest 12.00±0.71 12.00±0.74 12.58±0.65 
RP Dyspnoea 1.58±0.31 1.79±0.28 1.96±0.26 
Work (J) 20349.00±603.05 20349.00±603.05 20349.00±603.05 
Heart rate (beats.min-1) 162.67±4.25 160.25±3.54 159.75±4.06 






Table 3.47: Submaximal physiological measures for mass distribution at 25 kg (conditions; ADF split 25 kg, Backpack 25 kg and Body Armour 
25 kg). Measurements collected during 15 mins of steady state running at 60% peak aerobic power. Values expressed as means and standard 
errors of the means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference 
between conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 25 kg Backpack 25 kg Body Armour 25 kg 
Oxygen consumption:    
absolute (L.min-1) 2.95±0.13 3.02±0.16 2.94±0.11 
mass specific (mL.kg-1.min-1) 36.21±1.24 36.91±1.58 36.08±0.96 
mass specific with load (mL.kg-1.min-1) 27.66±0.94 28.21±1.21 27.56±0.72 
Carbon dioxide production (L.min-1) 2.84±0.14 2.89±0.16 2.83±0.11 
Metabolic equivalent (MET)  10.58±0.45 10.55±0.45 10.31±0.27 
Respiratory exchange ratio 0.96±0.01 0.96±0.01 0.96±0.01 
Percent oxygen (%) 16.55±0.05 16.61±0.05 16.59±0.05 
Percent carbon dioxide (%) 4.29±0.06 4.22±0.06 4.25±0.05 
RPE whole body 13.58±0.40ab 14.42±0.47a 13.33±0.50b 
RPE chest 13.50±0.50 13.75±0.66 13.17±0.65 
RP Dyspnoea 2.50±0.27 2.33±0.31 2.58±0.28 
Work (J) 20808.00±589.46 20808.00±589.46 20808.00±589.46 
Heart rate (beats.min-1) 164.75±3.73 158.08±4.81 159.08±3.85 






Table 3.48: Submaximal physiological measures for mass distribution at 35 kg (conditions; ADF split 35 kg, Backpack 35 kg and Body Armour 
35 kg). Measurements collected during 15 mins of steady state running at 60% peak aerobic power. Values expressed as means and standard 
errors of the means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference 
between conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 35 kg Backpack 35 kg Body Armour 35 kg 
Oxygen consumption:    
absolute (L.min-1) 2.79±0.15a 2.90±0.17ab 2.95±0.13b 
mass specific (mL.kg-1.min-1) 34.10±1.40a 35.16±1.74ab 36.16±1.38b 
mass specific with load (mL.kg-1.min-1) 23.82±1.00a 24.62±1.23ab 25.24±0.95b 
Carbon dioxide production (L.min-1) 2.68±0.16a 2.81±0.18ab 2.87±0.15b 
Metabolic equivalent (MET)  9.89±0.46a 10.05±0.50ab 10.34±0.40b 
Respiratory exchange ratio 0.96±0.01 0.97±0.01 0.97±0.01 
Percent oxygen (%) 16.65±0.06 16.70±0.08 16.64±0.07 
Percent carbon dioxide (%) 4.18±0.06 4.16±0.07 4.23±0.06 
RPE whole body 14.42±0.50 14.46±0.45 14.17±0.58 
RPE chest 13.33±0.61 12.73±0.84 14.00±0.67 
RP Dyspnoea 2.58±0.36 2.77±0.38 2.79±0.33 
Work (J) 21359.00±601.18 21511.00±637.15 21359.00±601.18 
Heart rate (beats.min-1) 160.33±4.56 160.45±4.86 161.50±4.53 






Table 3.49: Submaximal ventilatory measures for mass distribution at 15 kg (conditions; ADF split 15 kg, Backpack 15 kg and Body Armour 15 
kg). Measurements collected during 15 mins of steady state running at 60% peak aerobic power. Values expressed as means and standard errors 
of the means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 15 kg Backpack 15 kg Body Armour 15 kg 
Minute ventilation (L.min-1) 81.90±3.05 80.42±2.53 79.00±2.57 
Breathing frequency (breaths.min-1) 39.98±1.66 38.67±1.20 39.24±1.54 
Tidal volume (L) 2.08±0.08 2.11±0.08 2.05±0.09 
Breathing reserve (L.min-1) 88.61±7.88 88.70±7.96 88.31±6.38 
Breathing reserve (%) 49.00±2.75 48.68±2.95 47.85±1.97 
Inspiratory time (s) 1.54±0.08 1.57±0.05 1.56±0.06 
Expiratory time (s) 0.94±0.04 0.97±0.03 0.94±0.04 
Total respiratory cycle time (s) 2.48±0.11 2.54±0.08 2.50±0.10 
Respiratory duty cycle (dimensionless) 0.62±0.00 0.62±0.00 0.62±0.00 
End inspiratory lung volume (L) 3.12±0.08 3.30±0.12 3.15±0.10 
End expiratory lung volume/Expiratory reserve volume (L) 0.82±0.08 0.90±0.09 0.84±0.09 
Inspiratory reserve volume (L) 1.43±0.10 1.46±0.12 1.45±0.11 







Table 3.50: Submaximal ventilatory measures for mass distribution at 25 kg (conditions; ADF split 25 kg, Backpack 25 kg and Body Armour 25 
kg). Measurements collected during 15 mins of steady state running at 60% peak aerobic power. Values expressed as means and standard errors 
of the means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 25 kg Backpack 25 kg Body Armour 25 kg 
Minute ventilation (L.min-1) 79.94±3.63 83.72±4.26 81.29±3.08 
Breathing frequency (breaths.min-1) 39.17±1.21 42.16±1.45 40.01±0.73 
Tidal volume (L) 2.07±0.10 1.99±0.08 2.05±0.08 
Breathing reserve (L.min-1) 82.25±9.37 89.75±9.29 83.17±9.94 
Breathing reserve (%) 50.93±3.77 49.59±3.90 51.37±3.92 
Inspiratory time (s) 1.55±0.04a 1.44±0.05b 1.51±0.03ab 
Expiratory time (s) 0.96±0.03 0.91±0.03 0.94±0.03 
Total respiratory cycle time (s) 2.50±0.07 2.35±0.08 2.44±0.05 
Respiratory duty cycle (dimensionless) 0.59±0.03 0.61±0.00 0.62±0.01 
End inspiratory lung volume (L) 3.06±0.07 3.30±0.11 3.07±0.11 
End expiratory lung volume/Expiratory reserve volume (L) 0.79±0.10 1.00±0.11 0.79±0.10 
Inspiratory reserve volume (L) 1.33±0.13 1.42±0.10 1.51±0.12 








Table 3.51: Submaximal ventilatory measures for mass distribution at 35 kg (conditions; ADF split 35 kg, Backpack 35 kg and Body Armour 35 
kg). Measurements collected during 15 mins of steady state running at 60% peak aerobic power. Values expressed as means and standard errors 
of the means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 35 kg Backpack 35 kg Body Armour 35 kg 
Minute ventilation (L.min-1) 77.56±4.32a 82.53±5.16ab 83.17±4.35b 
Breathing frequency (breaths.min-1) 40.95±0.78 41.21±1.22 40.69±1.22 
Tidal volume (L) 1.91±0.12 2.01±0.11 2.06±0.12 
Breathing reserve (L.min-1) 94.12±8.48 88.24±10.73 82.95±10.16 
Breathing reserve (%) 46.01±2.99a 49.93±4.11ab 51.89±3.99b 
Inspiratory time (s) 1.47±0.03 1.47±0.05 1.49±0.05 
Expiratory time (s) 0.89±0.01 0.90±0.03 0.93±0.03 
Total respiratory cycle time (s) 2.36±0.04 2.37±0.07 2.42±0.07 
Respiratory duty cycle (dimensionless) 0.62±0.01 0.62±0.00 0.62±0.00 
End inspiratory lung volume (L) 3.08±0.10 3.26±0.18 3.09±0.09 
End expiratory lung volume/Expiratory reserve volume (L) 0.80±0.08 0.92±0.13 0.81±0.09 
Inspiratory reserve volume (L) 1.46±0.09 1.49±0.17 1.47±0.14 







Table 3.52: Submaximal spirometry tests for mass distribution at 15 kg (conditions; ADF split 15 kg, Backpack 15 kg and Body Armour 15 kg). 
Measurements collected following 15 mins of steady state running at 60% peak aerobic power. Values expressed as means and standard errors of 
the means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 15 kg Backpack 15 kg Body Armour 15 kg 
MVV 15sec (L) 170.50±7.26 169.12±7.21 167.31±6.62 
FVC (L) 5.80±0.13 5.93±0.18 5.72±0.13 
FEV1 (L) 4.81±0.16 4.91±0.13 4.75±0.15 
FEV1/FVC (%) 84.33±1.92 84.65±2.00 84.39±1.86 
PEF (L.min-1) 11.56±0.57 77.55±66.50 11.23±0.48 
FEF25-75% (L.min-1) 4.97±0.41 5.10±0.37 4.88±0.37 
P0.1 (mmH2O) -2.72±0.39 -2.51±0.42 -2.67±0.37 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 









Table 3.53: Submaximal spirometry tests for mass distribution at 25 kg (conditions; ADF split 25 kg, Backpack 25 kg and Body Armour 25 kg). 
Measurements collected following 15 mins of steady state running at 60% peak aerobic power. Values expressed as means and standard errors of 
the means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 25 kg Backpack 25 kg Body Armour 25 kg 
MVV 15sec (L) 162.19±7.66 173.47±5.87 164.46±8.31 
FVC (L) 5.43±0.14 5.72±0.14 5.67±0.13 
FEV1 (L) 4.52±0.15 4.77±0.13 4.67±0.15 
FEV1/FVC (%) 84.93±2.30 86.15±2.36 84.26±2.36 
PEF (L.min-1) 11.09±0.53 11.18±0.40 10.99±0.47 
FEF25-75% (L.min-1) 4.81±0.45 4.97±0.37 4.81±0.42 
P0.1 (mmH2O) -2.84±0.32 -2.80±0.46 -1.95±0.22 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 









Table 3.54: Submaximal spirometry tests for mass distribution at 35 kg (conditions; ADF split 35 kg, Backpack 35 kg and Body Armour 35 kg). 
Measurements collected following 15 mins of steady state running at 60% peak aerobic power. Values expressed as means and standard errors of 
the means (n=12). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable ADF Split 35 kg Backpack 35 kg Body Armour 35 kg 
MVV 15sec (L) 171.67±7.75 170.76±9.13 166.13±9.14 
FVC (L) 5.46±0.10a 5.77±0.10b 5.56±0.11ab 
FEV1 (L) 4.60±0.10 4.79±0.18 4.66±0.11 
FEV1/FVC (%) 85.53±2.01 85.24±2.70 86.10±2.11 
PEF (L.min-1) 10.95±0.33 11.42±0.63 11.17±0.30 
FEF25-75% (L.min-1) 4.73±0.33 5.16±0.56 4.87±0.38 
P0.1 (mmH2O) -2.77±0.36 -2.88±0.33 -2.90±0.52 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 








3.4.3 Phase Three – Chest Restriction 
The objective of this experiment was to investigate distribution chest restriction 
therefore the mass was removed and just the conventional backpack and body armour 
worn without load or the chest was bound to a reduced functional vital capacity. This 
was investigated in resting and three steady state ambulatory conditions. 
3.4.3.1 Standing Rest 
3.4.3.1.1 Physiological Variables (Table 3.55) 
During steady state standing rest there was a small significant increase in absolute and 
mass specific oxygen consumption between the Equipment-No Load condition and both 
the FVC Reduced and ADF Split 35 kg conditions (P<0.05). The ADF Split 35 kg was 
also significantly increased in the aforementioned variables compared to the control 
(P<0.05). There was a significant increase in rate perceived exertion for the whole body 
between Control and the ADF Split 35 kg condition (P<0.05) and a significant increase 
in dyspnoea between Control and the FVC Reduced condition (P<0.05). Mass-specific 
with load oxygen consumption was significantly different between conditions with 
Control and FVC Reduced being significantly increased compared to both Equipment 
No Mass and ADF Split 35 kg (P<0.05). 
3.4.3.1.2 Ventilatory Variables (Table 3.56) 
During steady state standing rest there was a small significant increase in minute 
ventilation between the Equipment No Load condition and both the FVC Reduced and 
ADF Split 35 kg conditions (P<0.05). The ADF Split 35 kg minute ventilation was also 
significantly increased compared to the control (P<0.05). There was a very small 
significant increase in minute ventilation between the Equipment-No Mass and all other 
conditions (P<0.05). There were significant decreases in operational lung volumes; end 
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inspiratory lung volume, end expiratory lung volume/expiratory reserve volume and 
slow vital capacity, between the control and both the FVC Reduced and ADF Split 35 
kg conditions (P<0.05). Furthermore, slow vital capacity and inspiratory reserve volume 
were also significantly decreased in the FVC Reduced condition compared to the 
Equipment-No Mass condition (P<0.05). 
3.4.3.1.3 Spirometry Tests (Table 3.57) 
After 15 minutes of steady state standing rest there was no significant difference in 
forced vital capacity between the ADF Split 35 kg and the FVC-Reduced conditions 
(P>0.05). This shows that the subject’s FVC was successfully reduced using the custom 
made chest restriction device, in the FVC-Reduced condition, to the same decrement 
seen in the ADF Split 35 kg condition. There was no significant difference in functional 
vital capacity (FVC) or forced expired volume in one second (FEV1) between the 
Control and Equipment-No Mass condition (P>0.05). There was however a significant 
decrease to functional vital capacity and forced expired volume in one second between 
the control and both the FVC-Reduced and ADF Split 35 kg conditions (P<0.05). Both 
peak expiratory flow (PEF) and maximal mid-expiratory flow (FEF25-75%) significantly 
decreased when comparing the Equipment-No Mass condition to both the FVC-
Reduced and ADF Split 35 kg conditions (P<0.05). The ADF Split 35 kg was also 
significantly decreased in both variables compared to the control (P<0.05). 
3.4.3.2 Marching at 4.8km.hr-1 
3.4.3.2.1 Physiological Variables (Table 3.58) 
During steady state marching at 4.8km.hr-1 there was a significant increase in absolute 
and mass specific oxygen consumption with the ADF Split 35 kg condition being higher 
than Control, Equipment-No Load and FVC-Reduced conditions (P<0.05). The FVC-
Reduced condition was also significantly decreased in the aforementioned variables 
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compared to the Control and Equipment-No Mass conditions (P<0.05). The ADF Split 
35 kg condition was significantly increased for work, heart rate and rate perceived 
exertion for whole body and chest compared to the Control, Equipment-No Mass and 
FVC-Reduced conditions (P<0.05). 
3.4.3.2.2 Respiratory Function (Table 3.59) 
During steady state marching at 4.8km.hr-1 the ADF Split 35 kg condition was 
significantly increased for minute ventilation and breathing frequency compared to the 
Control, Equipment-No Mass and FVC-Reduced conditions (P<0.05). The FVC-
Reduced condition had a significantly decreased end inspiratory lung volume compared 
to the Control condition (P<0.05). Both the FVC-Reduced and ADF Split 35 kg 
conditions had significantly decreased end expiratory lung volume/expiratory reserve 
volume, inspiratory reserve volume and slow vital capacities compared to the Control 
condition (P<0.05). Only the ADF Split 35 kg conditions had a significantly decreased 
inspiratory reserve volume compared to the Control condition (P<0.05). 
3.4.3.2.3 Ventilatory Variables (Table 3.60) 
After 15 minutes of steady state marching at 4.8km.hr-1 there was a significant decrease 
to forced vital capacity and forced expired volume in one second between the control 
and both the FVC Reduced and ADF Split 35 kg conditions (P<0.05). Furthermore the 
ADF Split 35 kg condition was also significantly decreased compared to the FVC 
Reduced condition in both forced vital capacity and forced expired volume in one 
second (P<0.05). Peak expiratory flow (PEF) significantly decreased when comparing 
the Equipment No Load condition to Control, FVC Reduced and ADF Split 35 kg 
conditions (P<0.05). The ADF Split 35 kg was also significantly decreased in maximal 




3.4.3.3 Walking at 30% Peak Aerobic Power 
3.4.3.3.1 Physiological Variables (Table 3.61) 
During steady state walking at 30% of peak aerobic power there were no significant 
differences in absoloute or mass specific oxygen consumption between conditions 
(P>0.05). Showing each condition had been clamped at approximately 30% of peak 
aerobic power. There was a significant difference in mass specific with load oxygen 
consumption with the ADF Split 35 kg condition being significantly decreased as 
expected compared to Control, Equipment-No Mass and FVC-Reduced conditions 
(P<0.05). Percent oxygen was significantly lower in the Control condition compared to 
ADF Split 35 kg, Equipment-No Mass and FVC-Reduced conditions (P<0.05). Rate 
perceived exertion whole body was significantly higher in the ADF Split 35 kg 
condition compared to Control, Equipment-No Mass and FVC-Reduced conditions 
(P<0.05). While rated perceived exertion for chest was significantly higher in the ADF 
Split 35 kg condition compared to the Control and Equipment-No Mass (P<0.05) but 
not FVC Reduced conditions (P>0.05). Work was significantly higher in the ADF Split 
35 kg condition compared to Control, Equipment-No Mass and FVC-Reduced 
conditions (P<0.05). Work was also significantly higher in the Equipment-No Mass 
condition compared to the Control and FVC-Reduced conditions (P<0.05) while ADF 
Split 35 kg was significantly higher compared to all other conditions (P<0.05). 
3.4.3.3.2 Ventilatory Variables (Table 3.62) 
During steady state submaximal walking at 30% of peak aerobic minute ventilation was 
only significantly different between the ADF Split 35 kg and the Equipment No Mass 
conditions (P<0.05). Breathing frequency was significantly increased in both the FVC-
Reduced and ADF Split 35 kg conditions compared to the control (P<0.05). Total 
respiratory cycle time and inspiratory time were significantly decreased in both the 
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FVC-Reduced and ADF Split 35 kg conditions compared to the Control (P<0.05). 
Expiratory time was significantly decreased in only the FVC-Reduced condition 
compared to the Control (P<0.05). Respiratory duty cycle was significantly increased in 
only the FVC-Reduced condition compared to the control (P<0.05). Tidal volume was 
significantly lower in the ADF Split 35 kg condition compared to both the Control and 
Equipment-No Mass conditions (P<0.05). End inspiratory lung volume was 
significantly decreased in the ADF Split 35 kg condition compared to the Control 
(P<0.05). Inspiratory reserve volume was significantly decreased in the FVC-Reduced 
condition compared to the Control (P<0.05). Slow vital capacity was significantly 
decreased in both the FVC-Reduced and ADF Split 35 kg conditions compared to the 
Control (P<0.05). 
3.4.3.3.3 Spirometry Tests (Table 3.63) 
After 15 minutes of steady state walking at 30% of peak aerobic power there was no 
significant difference in functional vital capacity or forced expired volume in one 
second between the Control and Equipment-No Mass condition (P>0.05). There was 
however a significant decrease to functional vital capacity and forced expired volume in 
one second between the control and both the FVC-Reduced and ADF Split 35 kg 
conditions (P<0.05). Furthermore the ADF Split 35 kg condition was also significantly 
decreased compared to the FVC-Reduced condition in forced expired volume in one 
second (P<0.05). Peak expiratory flow (PEF) significantly decreased when comparing 




3.4.3.4 Running at 60% Peak Aerobic Power 
3.4.3.4.1 Physiological Variables (Table 3.64) 
During steady state running at 60% of peak aerobic power there were significant 
differences in absoloute and mass-specific oxygen consumption between the 
Equipment-No Mass and ADF Split conditions (P<0.05). This indicates that aerobic 
clamping between these conditions was not successful. The other conditions (P>0.05) 
were successfully aerobically clamped at approximately 60% of peak aerobic power. 
There was a significant difference in mass specific oxygen consumption with the ADF 
Split 35 kg condition being significantly decreased as expected compared to Control, 
Equipment-No Mass and FVC-Reduced conditions (P<0.05). Rate perceived exertion 
whole body was significantly higher in the ADF Split 35 kg condition compared to 
Control and Equipment-No Mass conditions (P<0.05). While dyspnoea was 
significantly higher in the FVC-Reduced condition compared to the Control, 
Equipment-No Mass and ADF Split 35 kg conditions (P<0.05). Work was significantly 
higher in the ADF Split 35 kg condition compared to Control, Equipment-No Mass and 
FVC-Reduced conditions (P<0.05). Work was also significantly higher in the 
Equipment-No Mass condition compared to the Control and FVC-Reduced conditions 
(P<0.05) while ADF Split 35 kg was significantly higher compared to all other 
conditions (P<0.05). 
3.4.3.4.2 Ventilatory Variables (Table 3.65) 
During steady state running at 60% of peak aerobic power minute ventilation was only 
significantly different between the ADF Split 35 kg and the Equipment-No Mass 
conditions (P<0.05). Total respiratory cycle time and expiratory time were significantly 
decreased in the ADF Split 35 kg condition compared to the Control (P<0.05). 
Expiratory time was significantly decreased in only the FVC-Reduced condition 
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compared to the Control (P<0.05). Respiratory duty cycle was significantly increased in 
only the FVC-Reduced condition compared to the control (P<0.05). Tidal volume was 
significantly lower in the ADF Split 35 kg condition compared to both the Control and 
Equipment-No Mass conditions (P<0.05). End inspiratory lung volume, inspiratory 
reserve volume and end expiratory lung/expiratory reserve volume were significantly 
decreased in the FVC-Reduced condition compared to the Control (P<0.05). Inspiratory 
reserve volume was also significantly decreased in the FVC-Reduced condition 
compared to the ADF Split 35 kg condition (P<0.05). Slow vital capacity was 
significantly decreased in the FVC-Reduced condition compared to all other conditions 
(P<0.05). 
3.4.3.4.3 Spirometry Tests (Table 3.66) 
After 15 minutes of steady state running at 60% of peak aerobic power there was a 
significant decrease to functional vital capacity between the Equipment-No Mass and 
both the FVC-Reduced and ADF Split 35 kg conditions (P<0.05). The FVC-Reduced 
condition was a significantly increase in forced expired volume in 1 second to forced 
vital capacity ratio compared to the Control condition. Peak expiratory flow (PEF) 
significantly decreased when comparing the Equipment-No Mass condition to ADF 
Split 35 kg condition (P<0.05). 
3.4.3.5 Phase Three – Chest Restriction – Results Summary 
As expected when the load was removed and either just the equipment worn or the chest 
wall strapped reducing the FVC there was a significant reduction in the oxygen 
consumption, heart rate, work and rate perceived exertion. This in turn meant there were 
also significant reductions in the minute ventilation and breathing frequency. The FVC-
reduced condition and ADF Split 35 kg condition were similar in their lung volume 
reductions with significant decreases in inspiratory reserve volume, end expiratory lung 
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volume/expiratory reserve volume slow vital capacity, forced vital capacity and forced 
expired volume in one second compared to control. The Equipment no mass condition 
was in between control and the other conditions indicating that the chest restriction is 
imposed by a combination of the equipment and additional mass. At the aerobically set 
workloads the same changes to lung volumes were seen along with this there was an 
increase in breathing frequency in order to maintain minute ventilation. Lastly dyspnoea 




3.4.3.6 Phase Three – Chest Restriction – Data Tables 
Table 3.55: Standing rest physiological measures for Control [0 kg], Equipment-No Mass, FVC-Reduced and ADF Split 35 kg conditions. 
Measurements collected during 15 mins of steady state standing rest. Values expressed as means and standard errors of the means (n=8). If a 
condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is shown by 
differing letters (a, b, c,…).  
Variable Control Equipment-No Mass FVC-Reduced ADF Split 35 kg 
Oxygen consumption:     
absolute (L.min-1) 0.37±0.02ab 0.34±0.02a 0.40±0.01b 0.42±0.02b 
mass specific (mL.kg-1.min-1) 4.81±0.27ab 4.38±0.22a 5.18±0.16b 5.38±0.16b 
mass specific with load (mL.kg-1.min-1) 4.81±0.27a 4.04±0.20b 5.05±0.15a 3.70±0.12b 
Carbon dioxide production (L.min-1) 0.32±0.02ab 0.29±0.01a 0.35±0.01b 0.37±0.02b 
Metabolic equivalent (MET)  1.38±0.08ab 1.25±0.06a 1.48±0.05b 1.54±0.05b 
Respiratory exchange ratio 0.87±0.02 0.86±0.02 0.89±0.01 0.90±0.02 
Percent oxygen (%) 17.35±0.12 17.49±0.10 17.50±0.11 17.47±0.11 
Percent carbon dioxide (%) 3.23±0.07 3.09±0.07 3.15±0.10 3.21±0.11 
RPE whole body 6.13±0.13a 6.63±0.18ab 7.00±0.57ab 7.38±0.46b 
RPE chest 6.00±0.00 6.63±0.18 7.38±0.71 7.38±0.46 
RP Dyspnoea 0.06±0.06a 0.44±0.11ab 0.94±0.37b 0.63±0.25ab 
Work (J) 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 
Heart rate (beats.min-1) 80±4 77±4 80±4 82±4 






Table 3.56: Standing rest ventilatory measures for Control [0 kg], Equipment-No Mass, FVC-Reduced and ADF Split 35 kg conditions. 
Measurements collected during 15 mins of steady state standing rest. Values expressed as means and standard errors of the means (n=8). If a 
condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is shown by 
differing letters (a, b, c,…).  
Variable Control Equipment-No Mass FVC-Reduced ADF Split 35 kg 
Minute ventilation (L.min-1) 12.34±0.87ab 11.58±0.61a 13.80±0.47bc 14.19±0.55c 
Breathing frequency (breaths.min-1) 18.15±1.07 17.21±0.79 19.48±1.03 19.72±0.94 
Tidal volume (L) 0.72±0.05 0.69±0.03 0.73±0.04 0.73±0.03 
Breathing reserve (L.min-1) 154.27±8.79 151.99±13.43 140.92±12.11 158.16±8.68 
Breathing reserve (%) 7.44±0.46 7.39±0.68 9.35±0.89 8.39±0.58 
Inspiratory time (s) 3.54±0.23 3.68±0.20 3.17±0.17 3.12±0.15 
Expiratory time (s) 1.94±0.10 1.93±0.11 1.76±0.09 1.78±0.09 
Total respiratory cycle time (s) 5.49±0.32 5.62±0.30 4.93±0.25 4.91±0.24 
Respiratory duty cycle (dimensionless) 0.64±0.00a 0.65±0.00b 0.64±0.00ab 0.64±0.00a 
End inspiratory lung volume (L) 2.90±0.11a 2.48±0.16ab 2.35±0.11b 2.41±0.10b 
End expiratory lung volume/ Expiratory 
reserve volume (L) 1.98±0.11
a 1.68±0.15ab 1.51±0.10b 1.52±0.08b 
Inspiratory reserve volume (L) 2.50±0.17ab 2.71±0.17a 2.30±0.18b 2.46±0.23ab 









Table 3.57: Standing rest spirometry tests for Control [0 kg], Equipment-No Mass, FVC-Reduced and ADF Split 35 kg conditions. 
Measurements collected following 15 mins of steady state standing rest. Values expressed as means and standard errors of the means (n=8). If a 
condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is shown by 
differing letters (a, b, c,…).  
Variable Control Equipment-No Mass FVC-Reduced ADF Split 35 kg 
MVV 15sec (L) 166.61±9.28 163.57±13.64 154.71±12.30 172.35±8.67 
FVC (L) 6.10±0.16a 6.16±0.19a 5.62±0.23b 5.46±0.17b 
FEV1 (L) 4.77±0.17a 4.86±0.18a 4.22±0.20b 4.23±0.13b 
FEV1/FVC (%) 79.11±2.28 79.06±2.29 77.88±1.81 78.08±2.37 
PEF (L.min-1) 11.74±0.77ab 12.60±0.66a 11.01±0.45bc 10.22±0.58c 
FEF25-75% (L.min-1) 4.33±0.41ab 4.38±0.43a 3.80±0.27bc 3.69±0.31c 
P0.1 (mmH2O) -1.82±0.41 -1.68±0.24 -1.72±0.29 -1.82±0.44 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 







Table 3.58: Submaximal physiological measures for Control [0 kg], Equipment-No Mass, FVC-Reduced and ADF Split 35 kg conditions. 
Measurements collected during 15 mins of steady state marching (4.8 km.hr-1). Values expressed as means and standard errors of the means 
(n=8). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is 
shown by differing letters (a, b, c,…).  
Variable Control Equipment-No Mass FVC-Reduced ADF Split 35 kg 
Oxygen consumption:     
absolute (L.min-1) 1.08±0.04ab 1.11±0.06b 0.99±0.02a 1.35±0.03c 
mass specific (mL.kg-1.min-1) 13.98±0.50ab 14.32±0.64b 12.85±0.36a 17.57±0.43c 
mass specific with load (mL.kg-1.min-1) 13.98±0.50a 13.20±0.59ab 12.53±0.35b 12.08±0.25b 
Carbon dioxide production (L.min-1) 0.93±0.05a 0.96±0.05a 0.87±0.02a 1.21±0.03b 
Metabolic equivalent (MET)  4.00±0.14ab 4.09±0.18b 3.67±0.10a 5.02±0.12c 
Respiratory exchange ratio 0.86±0.01 0.87±0.01 0.88±0.01 0.89±0.01 
Percent oxygen (%) 16.31±0.08a 16.52±0.07b 16.63±0.10b 16.44±0.11ab 
Percent carbon dioxide (%) 4.15±0.08a 3.98±0.06ab 3.94±0.08b 4.15±0.10a 
RPE whole body 7.50±0.27a 8.50±0.53a 8.63±0.80a 10.75±0.67b 
RPE chest 7.38±0.26a 8.50±0.50a 8.63±0.80a 10.50±0.98b 
RP Dyspnoea 0.38±0.13 0.81±0.21 1.06±0.35 1.19±0.31 
Work (J) 9093.70±179.83a 9858.60±179.83a 9329.10±179.83a 13212.00±179.83b 
Heart rate (beats.min-1) 97.00±2.06a 99.50±3.61a 96.00±2.83a 110.38±4.04b 






Table 3.59: Submaximal ventilatory measures for Control [0 kg], Equipment-No Mass, FVC-Reduced and ADF Split 35 kg conditions. 
Measurements collected during 15 mins of steady state marching (4.8 km.hr-1). Values expressed as means and standard errors of the means 
(n=8). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is 
shown by differing letters (a, b, c,…).  
Variable Control Equipment-No Mass FVC-Reduced ADF Split 35 kg 
Minute ventilation (L.min-1) 27.58±1.42a 29.69±1.80a 27.31±0.94a 35.54±1.16b 
Breathing frequency (breaths.min-1) 24.33±1.39a 25.12±1.55a 25.88±1.34a 30.65±1.70b 
Tidal volume (L) 1.15±0.06 1.39±0.28 1.07±0.05 1.18±0.05 
Breathing reserve (L.min-1) 130.63±11.09 127.77±9.15 114.80±14.45 130.97±7.66 
Breathing reserve (%) 17.90±1.15 19.07±0.91 21.57±3.40 21.60±1.01 
Inspiratory time (s) 2.53±0.15 2.72±0.41 2.37±0.14 2.00±0.12 
Expiratory time (s) 1.51±0.10 1.89±0.46 1.46±0.11 1.14±0.06 
Total respiratory cycle time (s) 4.03±0.24 4.61±0.86 3.84±0.25 3.14±0.18 
Respiratory duty cycle (dimensionless) 0.63±0.00 0.61±0.02 0.62±0.00 0.64±0.00 
End inspiratory lung volume (L) 2.69±0.07a 2.53±0.16ab 2.37±0.10b 2.46±0.10ab 
End expiratory lung volume/Expiratory 
reserve volume (L) 1.38±0.07
a 1.21±0.14ab 1.12±0.09b 0.98±0.07b 
Inspiratory reserve volume (L) 2.35±0.20a 2.26±0.19ab 2.06±0.13ab 1.94±0.15b 







Table 3.60: Submaximal spirometry tests for Control [0 kg], Equipment-No Mass, FVC-Reduced and ADF Split 35 kg conditions. 
Measurements collected following 15 mins of steady state marching (4.8 km.hr-1). Values expressed as means and standard errors of the means 
(n=8). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is 
shown by differing letters (a, b, c,…).  
Variable Control Equipment-No Mass FVC-Reduced ADF Split 35 kg 
MVV 15sec (L) 158.21±11.84 157.46±10.42 142.11±15.12 166.51±8.12 
FVC (L) 6.03±0.19a 6.07±0.15a 5.58±0.21b 5.34±0.16c 
FEV1 (L) 4.73±0.18ab 4.92±0.19a 4.41±0.16bc 4.21±0.12c 
FEV1/FVC (%) 80.30±2.75 79.79±2.30 80.05±2.34 80.81±2.34 
PEF (L.min-1) 10.94±0.77b 12.21±0.56a 10.97±0.56b 9.97±0.45b 
FEF25-75% (L.min-1) 4.32±0.43ab 4.38±0.39a 3.97±0.31ab 3.91±0.33b 
P0.1 (mmH2O) -1.78±0.47 -2.09±0.33 -1.74±0.26 -2.46±0.42 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 









Table 3.61: Submaximal physiological measures for Control [0 kg], Equipment-No Mass, FVC-Reduced and ADF Split 35 kg conditions. 
Measurements collected during 15 mins of steady state walking at 30% peak aerobic power. Values expressed as means and standard errors of 
the means (n=8). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable Control Equipment-No Mass FVC-Reduced ADF Split 35 kg 
Oxygen consumption:     
absolute (L.min-1) 1.73±0.10 1.79±0.07 1.72±0.11 1.62±0.05 
mass specific (mL.kg-1.min-1) 22.37±1.08 23.12±0.69 22.16±1.20 20.95±0.61 
mass specific with load (mL.kg-1.min-1) 22.37±1.08a 21.33±0.64a 21.60±1.17a 14.41±0.41b 
Carbon dioxide production (L.min-1) 1.56±0.10 1.63±0.06 1.59±0.09 1.46±0.05 
Metabolic equivalent (MET)  6.39±0.31 6.61±0.20 6.33±0.34 5.99±0.18 
Respiratory exchange ratio 0.90±0.01 0.92±0.01 0.93±0.01 0.91±0.01 
Percent oxygen (%) 16.25±0.07a 16.46±0.09b 16.52±0.07b 16.43±0.09b 
Percent carbon dioxide (%) 4.34±0.09 4.21±0.09 4.21±0.08 4.21±0.10 
RPE whole body 10.50±0.78a 10.75±0.67a 10.63±0.80a 13.00±0.82b 
RPE chest 9.75±0.77a 10.00±0.71a 10.88±0.83ab 12.25±1.00b 
RP Dyspnoea 1.13±0.28 1.31±0.28 1.88±0.47 1.69±0.39 
Work (J) 13015.00±370.71a 14109.00±381.44b 13352.00±374.00a 15288.00±374.53c 
Heart rate (beats.min-1) 122.50±2.56 126.50±4.46 120.50±4.00 123.63±3.45 






Table 3.62: Submaximal ventilatory measures for Control [0 kg], Equipment-No Mass, FVC-Reduced and ADF Split 35 kg conditions. 
Measurements collected during 15 mins of steady state walking at 30% peak aerobic power. Values expressed as means and standard errors of 
the means (n=8). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable Control Equipment-No Mass FVC-Reduced ADF Split 35 kg 
Minute ventilation (L.min-1) 44.00±2.88ab 47.65±1.86a 46.48±3.11ab 42.40±1.55b 
Breathing frequency (breaths.min-1) 29.44±1.30a 31.54±1.39ab 32.74±1.83b 33.18±1.68b 
Tidal volume (L) 1.51±0.09a 1.53±0.07a 1.44±0.09ab 1.30±0.07b 
Breathing reserve (L.min-1) 112.65±13.06 111.16±13.96 107.63±13.74 126.05±9.77 
Breathing reserve ratio (%) 29.64±3.05 32.09±3.67 32.56±4.45 25.73±1.55 
Inspiratory time (s) 2.07±0.10a 1.93±0.09ab 1.87±0.10b 1.84±0.10b 
Expiratory time (s) 1.25±0.06a 1.20±0.08a 1.18±0.07a 1.07±0.06b 
Total respiratory cycle time (s) 3.32±0.15a 3.14±0.17ab 3.05±0.17b 2.91±0.16b 
Respiratory duty cycle (dimensionless) 0.62±0.00ab 0.62±0.01a 0.61±0.01a 0.63±0.00b 
End inspiratory lung volume (L) 3.05±0.11a 2.98±0.05ab 2.71±0.17ab 2.65±0.12b 
End expiratory lung volume/Expiratory 
reserve volume (L) 1.28±0.08 1.16±0.06 1.03±0.12 1.04±0.05 
Inspiratory reserve volume (L) 1.96±0.17a 1.87±0.14ab 1.69±0.16b 1.84±0.14ab 







Table 3.63: Submaximal spirometry tests for Control [0 kg], Equipment-No Mass, FVC-Reduced and ADF Split 35 kg conditions. 
Measurements collected following 15 mins of walking at 30% peak aerobic power. Values expressed as means and standard errors of the means 
(n=8). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between conditions is 
shown by differing letters (a, b, c,…).  
Variable Control Equipment-No Mass FVC-Reduced ADF Split 35 kg 
MVV 15sec (L) 156.65±13.34 158.81±14.23 154.11±14.71 168.45±10.17 
FVC (L) 6.10±0.24a 6.00±0.17a 5.54±0.25b 5.33±0.14b 
FEV1 (L) 4.86±0.20a 4.80±0.15ab 4.47±0.23bc 4.25±0.14c 
FEV1/FVC (%) 81.06±2.74 81.46±2.16 82.01±2.62 82.03±2.40 
PEF (L.min-1) 11.39±0.75ab 12.37±0.64a 11.11±0.57b 10.30±0.42b 
FEF25-75% (L.min-1) 4.52±0.43 4.50±0.36 4.26±0.46 4.03±0.38 
P0.1 (mmH2O) -2.08±0.45 -2.32±0.39 -2.04±0.33 -2.67±0.52 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 








Table 3.64: Submaximal physiological measures for Control [0 kg], Equipment-No Mass, FVC-Reduced and ADF Split 35 kg conditions. 
Measurements collected during 15 mins of steady state running at 60% peak aerobic power. Values expressed as means and standard errors of the 
means (n=8). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable Control Equipment-No Mass FVC-Reduced ADF Split 35 kg 
Oxygen consumption:     
absolute (L.min-1) 2.78±0.08ab 2.90±0.05a 2.74±0.08ab 2.56±0.16b 
mass specific (mL.kg-1.min-1) 35.94±0.80ab 37.63±0.68a 35.49±0.86ab 33.11±1.96b 
mass specific with load (mL.kg-1.min-1) 35.94±0.80a 34.70±0.60a 34.60±0.84a 22.78±1.37b 
Carbon dioxide production (L.min-1) 2.59±0.07ab 2.76±0.07a 2.63±0.07ab 2.45±0.17b 
Metabolic equivalent (MET)  10.27±0.23 10.75±0.19 10.14±0.25 9.67±0.66 
Respiratory exchange ratio 0.93±0.01 0.95±0.01 0.96±0.01 0.95±0.01 
Percent oxygen (%) 16.37±0.06a 16.52±0.07ab 16.55±0.10ab 16.65±0.06b 
Percent carbon dioxide (%) 4.36±0.07 4.28±0.08 4.29±0.09 4.17±0.06 
RPE whole body 12.88±0.79a 12.63±0.91a 13.25±0.80ab 14.63±0.68b 
RPE chest 11.88±0.97 11.75±0.86 13.25±0.84 13.00±0.76 
RP Dyspnoea 1.44±0.35a 1.63±0.31a 3.00±0.53b 2.50±0.46ab 
Work (J) 18068.00±558.39a 19586.00±578.18b 18535.00±564.45a 20458.00±588.55c 
Heart rate (beats.min-1) 158.88±1.65 164.00±4.90 160.13±3.06 160.63±5.10 





Table 3.65: Submaximal ventilatory measures for Control [0 kg], Equipment-No Mass, FVC-Reduced and ADF Split 35 kg conditions. 
Measurements collected during 15 mins of steady state running at 60% peak aerobic power. Values expressed as means and standard errors of the 
means (n=8). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable Control Equipment-No Mass FVC-Reduced ADF Split 35 kg 
Minute ventilation (L.min-1) 72.79±2.54ab 79.21±2.23a 75.56±2.89ab 70.72±4.59b 
Breathing frequency (breaths.min-1) 38.36±1.62 41.09±1.17 41.36±2.46 41.33±1.10 
Tidal volume (L) 1.92±0.08 1.94±0.06 1.87±0.11 1.73±0.12 
Breathing reserve (L.min-1) 88.19±12.68 84.02±15.02 79.60±17.69 103.07±10.67 
Breathing reserve (%) 47.52±4.48 53.25±7.37 57.23±10.94 41.52±3.01 
Inspiratory time (s) 1.58±0.06 1.47±0.04 1.49±0.09 1.46±0.04 
Expiratory time (s) 1.03±0.04a 0.97±0.01ab 0.96±0.05ab 0.89±0.02b 
Total respiratory cycle time (s) 2.61±0.10a 2.44±0.04ab 2.45±0.13ab 2.35±0.06b 
Respiratory duty cycle (dimensionless) 0.60±0.01 0.60±0.01 0.61±0.01 0.61±0.01 
End inspiratory lung volume (L) 3.16±0.14a 3.16±0.12a 2.77±0.15b 3.01±0.13ab 
End expiratory lung volume/Expiratory 
reserve volume (L) 1.01±0.10
a 0.90±0.08ab 0.68±0.12b 0.88±0.06ab 
Inspiratory reserve volume (L) 1.52±0.13a 1.35±0.12ab 1.18±0.15b 1.49±0.12a 







Table 3.66: Submaximal spirometry tests for Control [0 kg], Equipment-No Mass, FVC-Reduced and ADF Split 35 kg conditions. 
Measurements collected following 15 mins of steady state running at 60% peak aerobic power. Values expressed as means and standard errors of 
the means (n=8). If a condition is significantly different from another it will have a different letter assigned i.e. significant difference between 
conditions is shown by differing letters (a, b, c,…).  
Variable Control Equipment-No Mass FVC-Reduced ADF Split 35 kg 
MVV 15sec (L) 162.54±13.13 163.23±15.88 155.16±19.43 173.79±11.12 
FVC (L) 5.88±0.24ab 6.09±0.17s 5.60±0.26b 5.43±0.13b 
FEV1 (L) 4.79±0.20 4.98±0.18 4.74±0.24 4.57±0.13 
FEV1/FVC (%) 82.91±2.79a 84.33±2.50ab 86.58±2.33b 85.19±2.16ab 
PEF (L.min-1) 11.75±0.76ab 12.77±0.65a 11.81±0.51ab 10.90±0.47b 
f (L.min-1) 4.63±0.45 5.05±0.52 4.95±0.51 4.66±0.40 
P0.1 (mmH2O) -2.42±0.66 -2.75±0.55 -2.18±0.30 -2.52±0.42 
 
Abbreviations: MVV (15 sec) = Maximal voluntary ventilation in 15 sec; FVC = Forced vital capacity; FEV1 = Forced expired volume in 1 sec; 
FEV1/FVC = Forced expired volume in 1 sec to forced vital capacity ratio; PEF = Peak expiratory flow; FEF25-75% = Maximal mid-expiratory 







The current study showed dose dependent alterations to multiple physiological variables 
as load increased in both fixed and aerobically set workloads. These alterations were 
due to a combination of both the increased metabolic demand of carrying the load and 
the chest restriction it imposed. As the load was redistributed around the thorax similar 
changes to physiological variables were seen as a result of the chest being unloaded and 
alterations to the biomechanics of exercise. These changes, however, did not all change 
in the same direction for all variables, some physiological variables were less impacted 
in certain load distributions and vice versa for others. Finally, when the load was 
removed and just the equipment was worn or the chest was strapped to the same forced 
vital capacity reduction seen with 35 kg of load, the same lung volume changes were 
seen without alterations due to the increased metabolic demand of load. It also showed 
the combination of the equipment worn and the mass combine to inflict the chest 
restriction imposed with load carriage. 
In the current study static lung volumes and flow were firstly investigated. As expected 
with increasing load in the ADF Split condition there was a dose dependent decrease in 
the force vital capacity until 35 kg of load, however, after this point heavier loads 
provided no further decrement to volume. As the load increased with 15, 25 and 35 kg 
of additional mass there was a 6.0, 10.0 and 13.5% decrease in forced vital capacity 
respectively. This is greater than the reductions previously reported in the literature at 
the same loads which have shown reductions of 3, 5 and 8% (Dominelli et al., 2012b; 
Faghy et al., 2014; Walker et al., 2015). This discrepancy could be due to the load being 
carried in a backpack in previous studies rather than in an ADF Split. When the load 
was redistributed into the backpack only in the current study as the load increased, 15, 
25 and 35 kg of additional mass, there was a 2.5, 6.8 and 7.5% decrease in forced vital 
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capacity respectively. This matches forced vital capacity reduction found by others 
(Dominelli et al., 2012b; Faghy et al., 2014; Walker et al., 2015). Finally, when the 
mass was redistributed entirely into the body armour as the load increased, 15, 25 and 
35 kg of additional mass, there was a 6.8, 7.2 and 9.3% decrease in forced vital capacity 
respectively. These reductions are still less than those reported in the ADF Split 
condition indicating that the combination of wearing at backpack and body armour has 
the greatest effect on static lung volumes possibly due to the combination of restriction 
it causes. The mechanism behind the decrease in FVC could be due to a decrease in in 
total lung volume or an increased residual volume. A decrease in total lung volume is 
the more likely cause as it occurs when the chest is restricted and chest wall compliance 
is altered, which will be further investigated in the following chapter (West, 2008). 
When loads heavier than 35 kg are carried, in the ADF Split condition, there is a >12% 
reduction to FVC. This may result in further respiratory dysfunction similar to that seen 
with chest restriction. This dysfunction was further investigated in the current study 
through reducing the FVC by then same amount seen with 35 kg of load carried in the 
ADF Split condition. 
Along with these reductions in static lung volumes with increasing load, respiratory 
flow limitations were also evident in the current study. Similarly to static lung volumes 
there was a significant decrease in peak expiratory flow (PEF) and maximal mid-
expiratory flow (FEF25-75%) as load increased to 35 kg, in the ADF Split condition, 
however, after this point heavier loads provided no further decrement to flows. Once 
again these results differ from those reported by other in the literature who found no 
significant decrement to flow whatsoever while carrying similar backpack loads 
(Dominelli et al., 2012a; Faghy et al., 2014; Muza et al., 1989; Phillips et al., 2016b). 
When the load was redistributed into the backpack only the decrements to flow reported 
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were less than those found in the ADF Split condition indicating much like with static 
lung volumes the combination of backpack and body armour has the greatest effect on 
flow possibly due to the combination of restriction it causes. When the FVC was 
reduced through chest strapping a similar but smaller decrease in peak expiratory flow 
(PEF) and maximal mid-expiratory flow (FEF25-75%) compared to the control was 
reported. This indicates that it may be a combination of the mass and chest restriction 
that limit peak expiratory flow. The decrease in peak expiratory flow could possibly be 
derived from the forced vital capacity being reduced onto the effort independent 
segment of the maximal flow volume curve (Hyatt and Flath 1966). Importantly there 
was no significant reduction in the FEV1/FVC ratio in any of the condition as load 
increased indicating that while there were small decrements to peak flow with 
increasing load this did not result in any form of severe flow limitation. 
It follows that as a result of the mass and chest restriction imposed by thoracic loads the 
respiratory muscles will have to work harder in order to provide the required 
ventilation. In order to get an indication of the innervation of respiratory muscles 
required at each load airway occlusion pressure after 0.1 seconds was measured. Only at 
the heaviest loads, 41 and 54 kg, was a significant increase reported. This however may 
be exacerbated with exercise as the respiratory muscles may begin to fatigue. 
The aforementioned static lung volumes, flows and airway occlusion pressures were 
evaluated after each bout of exercise to give an indication of any form respiratory 
muscle fatigue. Exercise-induced respiratory muscle fatigue has been investigated 
previously with a 25kg backpack. After both a submaximal 60 minute walk at 6.5km.hr-
1 and a 2.4km time trial maximal inspiratory mouth pressure (PIMAX) and expiratory 
mouth pressure (PEMAX) were significantly reduced compared to the same exercise 
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undertaken without load. This provides evidence that submaximal exercise with 
backpack load carriage causes significant inspiratory and expiratory muscle fatigue 
(Faghy et al., 2014). In a follow up study reduced backpack loads of, 10, 15 and 20 kg, 
did not elicit respiratory muscle fatigue as in the previous study despite them still 
causing an increase in physiological, metabolic and perceptual parameters. Therefore a 
load threshold must be reached before respiratory muscle fatigue ensues (Faghy et al., 
2016). In the current study this threshold may not have been reached as no indication of 
respiratory muscle fatigue was reported for any of the conditions. The load, the exercise 
stimulus or the measures used may not have been enough to elicit or measure 
respiratory muscle fatigue. 
Along with changes to static lung volumes operating lung volumes; end inspiratory lung 
volume (EILV), inspiratory reserve volume (IRV), end expiratory lung 
volume/expiratory reserve volume (EELV/ERV) and slow vital capacity (SVC) were 
also recorded during standing rest and throughout the stages of exercise. During 
dynamic exercise in healthy individuals, tidal volume is increased mainly by decreasing 
end-expiratory lung volume (EELV) (Henke et al. 1988; Sharratt et al. 1987; Younes 
and Kivinen 1984; Johnson et al. 1992). The decrease in EELV serves to optimize 
diaphragm length and allows tidal volume to increase without excessive increases in 
end-inspiratory lung volume. When the chest-wall is loaded or restricted, EELV 
decreases below levels that would be expected in an unaltered state (Wang and 
Cerny2004; Babb et al. 2002; Tomczak et al. 2010). Previously, these volumes have 
been measured during submaximal exercise, however, a consensus has not been 
reached. A decrease in end inspiratory lung volume (EILV) and no change to end 
expiratory lung volume (EELV) was reported when participants carried a backpack 
containing 45 kg during graded exercise to exhaustion (Phillips et al., 2016b). These 
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changes in end inspiratory and expiratory lung volumes, however, were calculated 
based on resting spirometric values. Another recent study did measure end inspiratory 
and expiratory lung volumes during submaximal exercise with load. They found a 
progressive decrease in end expiratory lung volume, but with no change to end 
inspiratory lung volume, during submaximal exercise with increasing backpack loads 
15-35 kg (Dominelli et al., 2012b). In the current study throughout exercise as load 
increased end inspiratory lung volume (EILV), inspiratory reserve volume (IRV), end 
expiratory lung volume/expiratory reserve volume (EELV/ERV) all decreased 
indicating that subjects were breathing closer to residual volume and had smaller 
reserve volumes to delve into while carrying heavier masses. These lower operational 
lung volumes can hinder expiratory flow and are related to the development of 
expiratory flow limitation (EFL) (Tomczak et al., 2011). Operational lung volumes 
therefore tend to increase when flow limitations are present (Johnson et al., 1992; 
McClaran et al., 1998). However, a compensatory increase in operational lung volumes 
is not possible with heavy loads. When the loads were then redistributed in the 
backpack only, there was a less significant decrease in operational lung volumes as load 
increased. This is similar to those changes reported with static lung volumes. As this is 
the first study to consider the effect of load distribution on operational lung volumes 
there is no literature to compare this to. When the load was redistributed entirely into 
the body armour similar decreases to operational lung volumes were seen to the ADF 
Split condition. This indicates that unloading the chest while exercising submaximally 
and carry causes less of a decrement to operational lung volumes. Finally, when the 
load was removed and the chest was strapped to the same forced vital capacity reduction 
seen with 35 kg of load operational lung volumes were decreased to a similar amount as 
the ADF Split 35 kg condition. This indicates that the changes made to operational lung 
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volumes are mainly a result of the chest wall restriction the mass imposes rather than 
the physical movement of the mass itself during each breath. 
As load was increased there was a linear increase in oxygen consumption and minute 
ventilation. This is a result of energy being proportioned to the support and movement 
of the external load, increasing the metabolic demand (Taylor et al., 2016). When the 
load was redistributed the ADF Split condition was reported to be the most oxygen 
efficient way to carry heavy loads. As expected when the load was removed and the 
chest was strapped to the same forced vital capacity reduction seen with 35 kg of load 
the oxygen consumption was significantly reduced as a result of the decreased 
metabolic demand. When the chest strapped condition was compared to the control 
there was no difference in oxygen consumption indicating the chest restriction itself 
does not add significant metabolic demand while exercising submaximally. What is 
more interesting, however, is how the minute ventilation was comprised. As the load 
increased there was significant increase in breathing frequency however no change in 
tidal volume. Therefore, as the metabolic demand increased with load increasing the 
ventilation required at heavy loads this was provided thorough tachypnoea rather than 
an increase in tidal volume. When the workload was aerobically set while the 
ventilation required held constant it once again was comprised by greater breathing 
frequency and a decrease in tidal at heavy loads. When the loads were redistributed 
there was no significant difference between any of the conditions at any of the 
workloads. Finally, when the load was removed and the chest was strapped to the same 
forced vital capacity reduction seen with 35 kg of load the same increase in breathing 
frequency and decrease in tidal volume was however not to the same extent, this was 
also reported at the set aerobic workloads showing that it was not just the increase in 
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metabolic demand that results in the changes to tidal volume and breathing frequency 
being more sever in the loaded condition compared to the chest strapped condition. 
The thorax is the most metabolically efficient place to carry a load, as it is closest to the 
centre of gravity (Abe et al., 2004; Balogun, 1986; Soule et al., 1969; Taylor et al., 
2012) and this study concludes that carrying the load in an ADF Split, combination of 
backpack and body armour, is the most effect way to carry thoracic load. This, however, 
does seem to exacerbate the changes that occur to the respiratory system with additional 
mass on the thorax. The most significant changes to the respiratory system are 
alterations to static and operational lung volumes. As load is increased both static and 
operational lung volumes are decreased and the ADF split is reported to be the most 
significant load distribution condition affected. These alterations to lung volumes in 
turn have an impact of expiratory flow however at the loads and workloads it was not 
found to be detrimental. When the mass was removed and the chest strapped, to similar 
decreases in FVC, static, operational lung volumes and flow were found but to a lesser 
extent. Therefore a combination of mass and chest restriction is likely responsible for 
the respiratory function alterations reported. These respiratory function changes, 
specifically in relation to operational lung volumes, are most likely due to changes in 
the compliance and work of the respiratory system which will be investigated further in 
the next chapter. In conclusion while the most metabolically efficient way to carry 
thoracic load is in an ADF split this further exacerbates the physiological stress, made 
up of additional mass and the chest restriction it imposes, placed on the respiratory 
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4.0 CHAPTER FOUR: LOAD CARRIAGE, TISSUE 
COMPLIANCE AND ELASTIC WORK OF BREATHING 
4.1 INTRODUCTION 
Variations in lung volumes and respiratory air flow may be reflective of 
underlying changes in the mechanical properties of the lung, chest wall and total 
respiratory system. As was demonstrated in Chapter 3, operational lung volumes 
and respiratory air flows are modified with thoracic load carriage. Coupled with 
the modifications to respiratory timings as observed during maximal exercise to 
exhaustion (Chapter 2) there is a mechanically plausible basis to hypothesise that 
the tissue properties are altered by thoracic load carriage. Thus, the aim of this 
chapter was to assess whether these volume and air flow changes are due to the 
thoracic load altering the mechanical properties of the respiratory system, and this 
will be evaluated from measures of the compliance of the respiratory system and 
static elastic work of breathing. 
The total respiratory system can be divided into two elastic compartments; the 
lung tissue and the chest wall (Gibson et al., 1976; Pierce et al., 1965). The elastic 
properties of these compartments, specifically the compliance (the resistance to 
stretching) of the lung and chest wall, play an important role in the process of 
ventilation (Gibson et al., 1976). All ventilatory movements involve the motion of 
both the rib cage and the diaphragm-abdominal compartments (Estenne et al., 
1985). The work of moving the lung, chest wall and abdominal components 
during spontaneous ventilation is performed by the respiratory muscles, which 
generate the forces (driving pressures) necessary to overcome three opposing 
forces: elastic, flow resistive (non-elastic) and inertial forces (Figure 4.1) (Fry et 
al., 1954; Otis, 1964). Elastic or static work of breathing is the work required to 
overcome the elastic recoil of the lungs and chest wall. Flow-resistive or dynamic 









Figure 4.1: Schematic of respiratory work and the forces from which it arises. 
Factors which reduce lung tissue or chest wall compliance, or that increase 
respiratory resistance or the inertial forces will increase the overall work of 





resistances generated by the flow of air through the airways (airway resistance) 
the movement of tissues against pulmonary structures and the non-elastic 
deformation of lung and chest wall tissues (lung/chest wall resistance). Finally, 
inertial work of breathing is required to overcome the inertial forces of the system, 
and these are associated with initiating gas and tissue movements, as well as 
directional changes in that movement. In healthy individuals breathing air at sea 
level, this type of work is usually small enough to be neglected (Mead, 1956), and 
therefore has not been incorporated into this experiment. 
Thoracic load carriage may cause changes in both pulmonary and chest-wall 
compliance which, in turn, will cause changes in the compliance of the total 
respiratory system. These changes may be quantified from changes in the 
respiratory pressure (ΔP) required to elicit a volume change (ΔV). That 
relationship is then expressed as a ratio (ΔV/ΔP) compliance (L.kPa-1). To 
measure tissues compliances, over the volume range of interest, static pressure-
volume curves must first be carefully constructed using the static pressure-volume 
relaxation manoeuvre (Figure 4.2). 
From separate measurements of end-inspiratory and end-expiratory lung volumes, 
one can define the operating lung volumes over which these tissue compliances 
are then determined. A previous study indicated a strong possibility that thoracic 
load carriage perturbs the compliance of the respiratory system, demonstrated 
through alterations to the power of breathing (Dominelli et al., 2012b). While 
compliance curves have been used to assess age and obesity related effects on 
total respiratory system, lung and chest wall compliance (Chaunchaiyakul et al., 










Figure 4.2: Compliance curves created using static relaxation pressure-volume 
manoeuvres (total respiratory system, lung and chest wall) and zero pressure axis. 





investigate changes to the compliance with thoracic loading. Therefore, the aim of 
this study was to address this by evaluating changes in respiratory compliance 
during thoracic load carriage using loads 35 and 54 kg, as this load range had the 
most impact on operational lung volumes (Phase One). Furthermore, the impact 
of thoracic load distributions on compliance will be assessed, with the 
distributions chosen being the ADF Split combination of a backpack and body 
armour, and with body armour only (Phase Two). 
Changes in compliance are likely to alter both the elastic and non-elastic 
components of the work of breathing, however primarily the elastic work of 
breathing is influenced by changes in respiratory compliance (Otis, 1964). During 
a normal tidal inspiration inspiratory muscle force must exceed the inward recoil 
of the lung tissue, while the outward recoil of the chest wall offers some 
assistance below 60-70% of the vital capacity (Gibson et al., 1976). Energy used 
to perform this work is stored, in part, as potential energy in the elastic structures 
(lung tissue and chest wall) and becomes the source of energy for accomplishing 
flow-resistive work during expiration (Milic-Emili et al., 1964; Otis, 1964). The 
static elastic work of breathing can be calculated by integrating the area covered 
by the static compliance curve and the zero pressure (P0) axis (Holmgren et al., 
1973; Otis, 1964).  
While the static elastic work of breathing has not been investigated during load 
carriage, the power of breathing has been investigated. The power of breathing 
was calculated by integrating transpulmonary pressure tidal volume loops (Otis, 
1964) and multiplied by breathing frequency in order to indicate power output 
(J.min-1). For the same exercise stage the power of breathing was significantly 
higher while carrying at 35 kg backpack compared to no backpack. This was 
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thought to be due to the increased ventilatory demand of the load rather the 
thoracic loading of the chest altering the compliance (Dominelli et al., 2012b). 
When the conditions were changed to meet iso-ventilation, there was no longer a 
significant difference between the 35 kg backpack and unloaded conditions. 
Adaptive changes to breathing mechanics, such as alteration to operational lung 
volumes, therefore may have minimised the changes to power of breathing 
(Dominelli et al., 2012b). These findings are somewhat in contrast to conditions 
of chest wall restriction alone which have found an increase in the power of 
breathing due restricting of the chest wall without inertial load (Miller et al., 
2002; O'Donnell et al., 2000; Tomczak et al., 2011). 
One possibility is the chest wall restriction imposed by thoracic loading may not 
be severe enough to significantly alter the work/power of breathing. However, 
more research is required before this conclusion can be made. At present, no 
research group has investigated changes to the static elastic work breathing, and 
only one group has investigated the effect of thoracic loading on the power of 
breathing, this therefore will be another primary focus of this study, assessing 
static elastic work of breathing for multiple thoracic loads (Phase One) and 
thoracic load distributions (Phase Two). 
4.2 AIMS AND HYPOTHESIS 
The primary aim of this study was to assess the impact that carrying loads on the 
torso has on respiratory mechanics with specific relation to the compliance and 
the elastic work of breathing. The loads were firstly placed in a conventional 
military manner, distributed through the backpack and body armour and carried 
around the thorax. Two conditions of total mass were considered, 35 and 54 kg, 
and these were compared to a control no load condition. This made up phase one 
of the study. The secondary aim was to investigate the influence of distribution on 
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respiratory mechanics. The 35 kg load was redistributed and placed entirely in the 
body armour to investigate the effect of distribution. This made up phase two of 
the study. 
H1. We hypothesised that, an increase in mass would reduce the compliance 
of the total respiratory system, lung and chest wall. 
H2. We hypothesised that, an increase in mass would increase the static elastic 
work of breathing of the total respiratory system, lung tissue and chest wall. 
H3. We hypothesised that, when the carried mass was distributed into the 
body armour alone, there would be a decrease in compliance of the total 
respiratory system, lung and chest wall. 
H4. We hypothesised that, when the carried mass was distributed into the 
body armour alone, there would be an increase in the static elastic work of 
breathing of the total respiratory system, lung tissue and chest wall. 
4.3 METHODS  
4.3.1 Subjects 
Fourteen physically fit males were recruited, six of whom participated in the 
maximal and submaximal exercise studies (Chapter 2 and 3). Subjects were 
within a healthy range for body mass index and were anthropometrically similar 
to Australian Defence Force Personnel, insuring any findings could be translated 
across to current defence force personnel (Table 4.1). All subjects received a 
Participant Information Sheet informing them of the study procedures approved 
by the Human Research Ethics Committee (University of Wollongong HE15/060) 
and completed a Participant Screening Questionnaire (see appendix) and gave 







Table 4.1: Physical characteristics of subjects and Australian Defence Force 
Personnel (Edwards et al., 2014). Values expressed as means and standard 
deviations. 
 
Variable Subjects ADF 
Number (n) 11 1861 
Height (cm) 182.12±6.74 178.50±6.80 
Age (years) 27.27±4.78 18-40 
Mass (kg) 79.55±8.42 82.70±12.20 
Body mass index (kg.m-2) 23.98±2.09 - 
 
Abbreviations: Body mass index = body mass/(height)2 ratio, ADF = Australian 













Subjects also completed a Physical Activity Questionnaire (see appendix) to 
ensure they had a highly physically active training schedule that included strength 
and power components through either resistance training or contact/resistance 
sports. Subjects were excluded if they did not complete at least three sessions of 
vigorous activitymaking up a minimum of 180 min per week. Subjects were also 
excluded at the point of familiarisation if they were unable to achieve 
reproducible static pressure-volume curves or unable to tolerate the oesophageal 
balloon insertion. Eleven subjects successfully completed the study. And this 
include six subjects that had previously completed Study 1 (Chapter 2) and 2 
(Chapter 3). 
4.3.2 Overview and Design 
The effects of load carriage and load distribution on respiratory mechanics were 
investigated through two phases. Phase one involved investigating the effect of 
load using three experimental conditions: unloaded control, light clothing only, (0 
kg) and two separate load conditions (35 and 54 kg). In Phase two, the impact of 
varying the load distribution was investigated by redistributing the 35 kg load 
entirely into body armour. 
Subjects were required to visit the laboratory on only one occasion. During this 
visit subjects underwent familiarisation and then had the compliance of the 
respiratory system assessed for each condition. A repeated latin square design was 
used where each condition follows the other conditions the same amount of times 
to counter any possible order effect (see appendix). In order to assess the static 
compliance and elastic work of breathing during exercise the static pressure-
volume compliance curves were used in conjunction with the operating lung 
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volume data collected in the previous submaximal exercise study, six subjects had 
taken part in the previous study (Chapter 3). 
4.3.3 Experimental Conditions 
The impact carrying loads has on respiratory mechanics while standing at rest and 
exercising at a submaximal workload was investigated using a control (0 kg) two 
load conditions and one addition load distribution condition. Subjects wore 
exercise non-restrictive clothing for all conditions. In the control condition, 
subjects had no added load or equipment. Load carriage conditions were chosen to 
reflect the mass carried on the thorax in load configurations currently used in the 
Australian Defence Force (ADF) (October 16th 2014, Diggerworks, Australian 
Department of Defence).  
Phase one: The load was carried in a conventional military manner distributed 
through a backpack and body armour, Australian Defence Force (ADF) split, with 
75% of the load on the back and 25% of the load on the chest. The loads chosen 
for this investigation were 35 kg, as this is where the previous Chapters showed 
significant changes to pulmonary function, metabolic and respiratory variables, 
and 54 kg the heaviest condition investigated in the previous Chapter. Defence 
load conditions replicated were: Assault Order Higher (35 kg) and Load Carriage 
3 – Marching Order (54 kg). This resulted in the load carriage conditions; ADF 
split 35 kg and ADF split 54 kg (Table 4.2 and Figure 4.3). Conditions ADF Split 
35 kg and ADF Split 54 kg used the all-purpose lightweight individual carrying 
equipment (ALICE) field backpack and body armour (Figure 4.5). 
Phase two: Load was then redistributed entirely into the body armour, so 50% of 
the load was carried on the back and 50% was carried on the chest resulting in 
load distribution condition Body Armour 35 kg (Table 4.2 and Figure 4.4).  
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Table 4.2: Phase One and Two Design: Load carriage configurations for 
Australian Defence Force Split (combined backpack and body armour) ensembles 
for total mass 35 and 54 kg. Load distribution configurations for individual body 
armour ensembles for total 35 kg. 
 
 
*Any configuration with more than 15 kg carried on the back uses the ALICE 





Condition Equipment Mass (kg) 
Additional Mass (kg) Overall 
Mass 
(kg) Chest Back Total 
Phase O
ne 


































































Figure 4.3: Phase one: load carriage conditions; ADF split 35 kg and ADF split 








































Figure 4.5: Load carriage equipment (A) All-purpose lightweight individual 




































Figure 4.6: Additional mass; (A) body armour pouch weights 1.3 and 0.7 kg (B), 







Mass was added to the body armour using 700 g and 1.3 kg pouch weights. Mass 
was added to the all-purpose lightweight individual carrying equipment (ALICE) 
field backpack using a custom designed weight capsules and disc weights to 
ensure the load was evenly and precisely distributed throughout the backpacks 
(Figure 4.6). 
4.3.4 Experimental Protocols 
4.3.4.1 Static Compliance Curves and Resting Operating Lung Volumes 
In keeping with applied Australian Defence Force outcomes, anthropometry was 
recorded to ensure subjects recruited were representative of Australian Defence 
Force employees. Subjects were then familiarised with the experiment protocol 
and the equipment used during testing. This was achieved firstly by familiarising 
the subjects with all the techniques of measurement and training them to 
reproducibly perform static pressure-volume relaxation manoeuvres. The subject 
was asked to relax for a short period of airway occlusion, while maintaining an 
open glottis, and the various respiratory pressures were measured. This procedure 
was considered critical, and was essential for deriving true static compliance. 
Training required generation of reproducible, static pressure-volume data. The 
oesophageal balloon was then inserted. A nasal spray topical anaesthetic was used 
in conjunction with an anaesthetic lubricant on the balloon catheter itself. The 
balloon catheter was inserted through the external nare into the nasal cavity 
through the pharynx and then swallowed down the oesophagus. It was positioned 
40-50 cm from the external nares, placing it approximately in the lower third of 
the oesophagus (Mittman et al., 1965). Subjects were then fitted with backpacks 
and body armour in accordance to Australian Defence Force standardised fitting 
procedure. If there were any signs of immediate load carriage discomfort, such as 
rubbing or joint pain, strap adjustments were made to address this.  
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Subjects were then placed in a supported standing position whereby a support 
bench was placed under there ischial tuberosity to aid respiratory muscle 
relaxation. The subjects were connected to a two-way, non-rebreathing valve that 
directed expired air to the respiratory analysis equipment. Subjects were 
instructed to stay as relaxed as possible and perform spontaneous breathing so that 
there operating lung volumes, end expiratory lung (EELV) and end inspiratory 
lung volumes (EILV) could be measured over a minimum of six sequential 
breaths were recorded. Subjects then performed static pressure-volume relaxation 
manoeuvres to produce static pressure-volume compliance curves and collect total 
lung capacity (TLC). Approximately 30 satisfactory relaxation pressure-volume 
points across the full vital capacity were collected for every individual. Subjects 
repeated spontaneous breathing and the static pressure-volume relaxation 
manoeuvres for each experimental load condition. 
Static Pressure-Volume Relaxation Manoeuvre Protocol 
This technique requires subjects to perform voluntary relaxation of the respiratory 
muscles against an occluded airway across the widest possible range of lung 
volumes. A series of static lung volumes and respiratory pressures were 
simultaneously determined. The expiratory static pressure-volume data were 
reported to be more consistent than the inspiratory data (Gibson et al., 1976) due 
to the need to innervate respiratory muscles when moving from one volume to the 
when lung volumes are above functional residual capacity. Therefore, we 
measured the static pressure-volume relationship during expiration over the 
complete vital capacity range. Always commencing with relaxation at total lung 
capacity (supported standing), subjects slowly expired a variable volume of air, as 
determined by the investigator, then relaxed for three to four seconds with the 
glottis open, against an occluded airway, to allow for complete relaxation and 
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stabilisation of the respiratory muscles and pressures (Salazar et al., 1964; Taylor, 
1990). Subjects provided 5-10 relaxation points each at different lung volumes 
during each trial. 
The expiratory relaxation was visually evaluated using a water manometer 
connected to a Y-stopcock. Minimal variability of duplicates measurements 
revealed that reproducible relaxation was obtained from total lung capacity to 
residual volume. Data collected from each trial were serially added with the 
previous data and then plotted (Figure 4.7). Based on the principle that pressure 
data at similar lung volumes should be closely localised, then points deviating 
significantly from adjacent points were excluded. Subjects completed no more 
than six static relaxation manoeuvres per curve to ensure data did not deteriorate 
due to fatigue. When data revealed that a manouvre was incorrectly performed, 
that manoeuvre was excluded from analysis. Instantaneous data collection, visual 
feedback and digital graphical displays effectively enhanced the subject’s 
performance, and the provision of valid and reproducible data. 
4.3.5 Measurements 
4.3.5.1 Equipment 
Static pressure-volume compliance data and resting operating lung volumes were 
recorded using a custom built LabVIEW powered respiratory analysis system 
(Bibo, LabVIEWsoftware V6.1; National Instruments, TX, USA) supported by a 
fixed heated-pneumotachograph (Model 3813, Hans Rudolph Inc., KS, USA), 
pressure transducers (Validyne DP45/30 low differential pressure transducer, 
Engineering Corp., CA, USA) and oesophageal balloon catheter sets (PTFE 
Coated Stylet, 5 French, Oesophageal Balloon, Cooper Surgical Inc, CT, USA 


























Figure 4.7: Illustrative static pressure volume relationships. Data points obtained 
at different lung volumes starting from total lung capacity (TLC) to residual 
volume (RV), during each manoeuvre were serially joined together with data 
points from previous manoeuvre (A to B to C). Data points which abnormally 
deviated from the expected trend were excluded (represent   total respiratory 
system,    lung and    chest wall respectively).  
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Mouth pressure (Pm) was determined during zero airflow with a temporarily occluded 
airway, while the glottis was open and fully relaxed (Morrison et al., 1990). Under these 
conditions, Pm represented the averaged value of static alveolar pressure (Palv). The most 
convenient way to estimate the intra-pleural pressure (Ppl) is from intra-oesophageal 
pressure (Gibson et al., 1976).Oesophageal pressure (Poes) was measured transnasally 
using a oesophageal balloon, with the balloon located 40-50 cm from the external nares, 
which was approximately at the lower third of the oesophagus (Mittman et al., 1965).  
At this location, it has been shown there is minimal cardiac artefact on balloon pressure 
during airway occlusion (Baydur et al., 1987). The proximal end of the catheter was 
coupled to the negative side of a differential pressure transducer (transducer 1; Figure 
4.8). The other end of the transducer was connected to the mouth pressure port on the 
side of the fixed heated-pneumotachograph (Model 3813, Hans Rudolph Inc., KS, 
USA). A nose clip was worn throughout testing. 
Three pressure gradients across the respiratory system were measured (transrespiratory 
[Ptrs], transpulmonary [Ptp], transthoracic [Ptth], Figure 4.9) using two pressure 
transducers. One differential pressure transducer (transducer 1; Figure 4.8) 
approximated transpulmonary (Ptp), the pressure difference between the alveolar space 
(Palv) and oesophageal space (Poes). The second differential pressure transducer 
(transducer 2, Figure 4.8) measured the transrespiratory pressure (Ptrs), the pressure 
difference between the alveolar space (Palv) and body surface (Pbs) pressures. 
Transthoracic pressure (Ptth), the pressure difference between the oesophageal space and 


















Figure 4.9: Schematic of interrelationship between static pressures across the total respiratory system (transrespiratory), lung (transpulmoary) 




Software for the measurement of the simultaneous changes of static lung volumes and 
pressures; Ptrs, Ptp, and Ptth; was developed within the current laboratory by the 
candidate in conjunction with the University of Wollongong, Electrical Engineering 
Department 4.3.5.2 Calibration 
The respiratory analysis system was calibrated for flow using a 3-L calibration syringe 
(Model 5530, Hans Rudolph Inc., KS, USA), with air passed through the 
pneumotachograph five times at variable flows (30-200 L.min-1). The pressure 
transducers were calibrated against a water manometre using a 10-point calibration 
curve (-50, -40, -30, -20, -10, 0, 10, 20, 30, 40, 50 cmH2O) prior to testing. 
4.3.5.3 Respiratory Measurements 
Resting operating lung volumes (Figure 4.10); total lung volume (TLV), end expiratory 
lung volume (EELV); and end inspiratory lung volume (EILV), were measured using 
the custom built LabVIEW powered respiratory analysis system (Bibo, 
LabVIEWsoftware V6.1; National Instruments, Austin, TX) the average of the three 
replicate measurements were reported. 
To facilitate comparison of relaxation pressure-volume relationships obtained from 
different subjects with different lung volumes curve fitting was used. Curve fitting 
permits the ability to compute the elastic property of the system at any pressure or 
volume. The best-fit static compliance curves for the total respiratory system, lung 
tissue and chest wall were modelled mathematically using polynomial functions. The 
general equation for the polynomial regression was: 
y = a0 + a1x + a2x2 + a3x3 + ….anxn……..equation (1) 
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Figure 4.10: Representative spirogram tracing for the measurement of operating lung volumes (Subject 001). Trace shows 5 normal breathing 
cycles (standing rest), and then on the 6th, cycle the subject maximally inspired to total lung capacity then fully expired to residual volume. 
Abbreviations: SVC = slow vital capacity; VT = Tidal volume; EELV = end expiratory lung volume; IRV = inspiratory reserve volume; ERV = 
expiratory reserve volume; IRV = inspiratory reserve volume. 
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Where a0, a1, a2, a3, … an represent coefficients of dependent (pressure, y) and 
independent ( volume, x) variables (The conventional plot of the static pressure-
volume relationship dictates that the independent variable [lung volume] appears 
on the ordinate and the dependent variable [pressure] appears on the abscissa). 
Raw data obtained from every subject were imported into curve-fitting software. 
Coefficients for each individual were considered to be satisfactory when the 
correlation between the dependent and independent variables was above 0.9. 
Static compliance, the reciprocal of elastance is the ratio between changes in 
volume per unit change in pressure gradient across the system, and can be 
computed from the differentiation of the static pressure-volume curve. Thus, the 
static compliance is represented by the slope of the pressure-volume curve. Static 
compliance of the total respiratory system (Cst(trs)), lung tissue (Cst(l)) and chest 
wall (Cst(cw)) are, therefore, estimated from the changes in volume and 
transrespiratory (Ptrs), transpulmonary (Ptp) and transthoracic (Ptth) pressures 
respectively. In this study compliance was computed over a 1-litre tidal volume, 
commencing from EELV and over the full tidal range commencing from EELV 
stopping at EILV, as determined at rest and during walking at a fixed 4.8 km.hr-1 
workload using operational lung volumes obtained in Chapter 3. 
The Elastic work of breathing was determined by integration, and represents the 
area between the respective static compliance curves and the zero pressure (P0) 
axis (Holmgren et al., 1973; Otis, 1964)(Figure 4.11). The derived polynomial 
equations  were fed to a specific computer programme to facilitate derivation 
(integration) of total respiratory elastic work, lung tissue elastic work and chest 
wall elastic work (Morrison et al., 1990). Elastic work was computed over the full 









Figure 4.11: Illustrative figure representing elastic work of breathing from areas 
covered by static relaxation pressure-volume curves (total respiratory system, lung 
tissue and chest wall) and zero pressure axis. Area RCWB is the negative elastic 
work stored in the chest wall (diagonal hatched). Positive elastic energy 
(horizontal hatched) includes two parts; area RLTB is the pulmonary elastic work 
during tidal volume changes between V1 and V2, and RSB represents elastic work 
of the total respiratory system, which is the difference between pulmonary and 
chest wall elastic work. Point A represents the relaxation volume of chest wall. 







Table 4.3: Summary of measurements performed at rest and during steady state exercise. 
Condition Measurements Computations Derived Variables 
Rest 
Operational Lung Volumes EELV and EILV 
Elastic Work - Pulmonary 
Elastic Work - Total System 
Elastic Work - Chest Wall Static Pressure-Volume Manoeuvre 
Pulmonary Compliance 
Respiratory Compliance 
Chest Wall Compliance 
Exercise 
Operational Lung Volumes EELV and EILV 
Elastic Work - Pulmonary 
Elastic Work - Total System 
Elastic Work - Chest Wall Static Pressure-Volume Manoeuvre 
Pulmonary Compliance 
Respiratory Compliance 
Chest Wall Compliance 
 




fixed 4.8km.hr-1 workload using operational lung volumes obtained in Chapter 3 from 
each condition. Elastic work was then also computed over the same 1 litre tidal volume, 
commencing from the resting Control condition EELV for all conditions. These 
techniques were sufficiently sensitive to detect small changes in the elastic work of 
breathing (Figure 4.11) 
4.3.5.6 Anthropometry 
Anthropometric data collected included body mass (kg), stature (cm), and body mass 
index (BMI) recorded in accordance to the International Society for Advancement of 
Kinanthropometry (ISAK) International Standards for Anthropometric Measures 
(Marfell-Jones et al., 2012). These variables were measured using anthropometric scales 
and stadiometer (scientific level). Subjects stood on the centre of the scales (body mass) 
(for approximately 10 seconds) and under a portable stadiometer (height) for each 
variable recorded. 
4.3.6 Experimental Standardisation 
Physiological testing was conducted under environmental conditions of 22-24°C (room 
temperature), 45-70% relative humidity and 740-770 mmHg barometric pressure with 
specific temperature, relative humidity and barometric pressure recorded for each trial. 
Subjects refrained from consumption of alcohol and tobacco, or any strenuous exercise 
for the 12 hours preceding the trials. Furthermore, caffeine was not consumed in the 2 
hours prior to testing. Subjects also consumed a meal high in carbohydrates (2g.kg-1 
body mass) and low in fat prior to the trial, and were advised to be adequately hydrated. 
Subjects were fitted with backpacks and body armour in accordance to Australian 
Defence Force standardised fitting procedure. Body armour was fitted to ensure the top 
of the front ballistic plate was at the level of the sternoclavicular notch and the back 
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ballistic plate was at the same vertical level. The body armour band was then fastened to 
ensure minimal movement without causing discomfort. The backpack was then fitted; 
the shoulder straps of the backpack were adjusted so the waist band was sitting above 
the iliac crest. The backpack waist band was then firmly fastened to ensure the 
backpack mass was being partially carried on the hips without discomfort. If both body 
armour and backpack were simultaneously worn, as in the ADF split conditions, then 
the body armour and backpack were fitted in the same manner with the backpack fitted 
over the top of the body armour (Figure 4.3)(Diggerworks, Australian Department of 
Defence). 
4.3.7 Data Analysis 
Statistix 10 for Windows was used to analyse the data. For phase one, a repeated-
measures analysis of variance (ANOVA) was used to compare the load carriage 
conditions, control and two ADF Split conditions to investigate the effect of load. A 
post-hoc Tukey’s procedure was used for pairwise comparisons to test for differences 
between individual means. For phase two, a repeated measures analysis of variance 
(ANOVA) was used to compare the load distribution conditions, Body Armour and 
ADF Split, at 35 kg to investigate the effect of distribution. A post-hoc Tukey’s 
procedure was used for pairwise comparisons to test for differences between individual 
means. Data are presented as means ± standard deviations for subject characteristics and 
means ± standard errors of the mean for all dependent variables. The level of 
significance was set as P<0.05. 
4.4 RESULTS 
4.4.1 Phase One – Load 
To investigate load, mass was placed in a conventional military manner distributed 
through backpack and body armour and carried around the thorax. Two conditions of 
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total mass were considered, 35 and 54 kg and these were compared to a control 
condition. Static compliance and static elastic work of breathing were computed using 
variable measures at standing rest and marching at 4.8 km.hr-1. 
4.4.1.1 Standing Rest 
4.4.1.1.1 Static Compliance 
During steady-state standing rest, static lung tissue, chest wall and total respiratory 
system compliance were measured to assess the impact of increasing thoracic load 
(Table 4.4). There was a significant decrease in total respiratory system compliance 
(L.kPa-1) with increasing load, with significant differences occurring between all load 
conditions (P<0.05). There was a significant decrease in pulmonary compliance (L.kPa-
1) with increasing load, however significance only occurred between the Control and 
ADF Split 54 kg condition (P<0.05). Finally, chest wall compliance (L.kPa-1) also 
significantly decreased with increasing load, however significance was only observed 
between the Control and ADF Split 35 kg condition (P<0.05). 
4.4.1.1.2 Static Elastic Work of Breathing 
During steady state standing rest, static elastic lung tissue, chest wall and total 
respiratory system work of breathing were measured over operational lung volumes and 
over a consistent resting 1-L tidal volume to assess the impact of increasing thoracic 
load (Table 4.5). While there was an increase in the static elastic work of breathing for 
lung tissue, chest wall and total respiratory system (J) as load increased over operational 
lung volumes, there was no significant difference found between those conditions 
(P>0.05). This was due to the operational lung volumes being vastly different between 
conditions. When static elastic work (J) was computed over a consistent 1-L tidal 
volume, there was a significant increase in the static elastic total respiratory system 
work of breathing (J) with significant differences between all conditions (Control, ADF 
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Split 35 kg and ADF Split 54 kg)(P<0.05). There was also a significant increase in the 
static elastic lung tissue and chest wall work of breathing (J), however significance was 
only observed between the Control and ADF Split 54 kg condition (P<0.05). 
4.4.1.2 Marching at 4.8km.hr-1 
4.4.1.2.1 Static Compliance 
During steady state marching at 4.8 km.hr-1 static lung tissue, chest wall and total 
respiratory system compliance were measured to assess the impact of increasing 
thoracic load (Table 4.6). There was a significant decrease in total respiratory system 
compliance (L.kPa-1) with increasing load, with significance occurring between Control 
and ADF Split 54 kg condition (P<0.05). There was a decrease in pulmonary and chest 
wall compliance (L.kPa-1) with increasing load, however it was not significant (P>0.05). 
4.4.1.2.2 Static Elastic Work of Breathing 
During steady state marching at 4.8 km.hr-1 static elastic lung tissue, chest wall and total 
respiratory system work of breathing were measured over operational lung volumes and 
over a consistent resting 1-L tidal volume to assess the impact of increasing thoracic 
load over (Table 4.7). Static elastic work of breathing increased in total respiratory 
system, lung tissue and chest wall (J) over operational lung volumes as thoracic load 
increased, however significance only occurred in the total respiratory system. When 
static elastic work (J) was computed over a consistent 1-L tidal volume there was a 
significant increase in the static elastic total respiratory system, pulmonary and chest 




4.4.1.3 Phase One – Load - Data Tables 
 
 
Table 4.4: Static compliance of the total respiratory system, lung tissue and chest wall during standing rest for control [0 kg] and ADF Split 
conditions [35 and 54 kg]. Measurements collected during 15 mins of steady state standing rest. Values expressed as means and standard errors 
of the means. Significant differences between groups are shown by differing letters (a, b, c,…). 
Variable Control ADF Split 35 kg ADF Split 54 kg 
Cst(rs) (L.kPa-1) n= 11    
EELV – (EELV +1) 2.47±0.24a 1.52±0.10b 1.20±0.08c 
EELV - EILV 2.64±0.26a 1.65±0.10b 1.40±0.09c 
Cst(l) (L.kPa-1) n = 9    
EELV – (EELV +1) 5.40±0.69a 4.23±0.29ab 3.52±0.39b 
EELV - EILV 4.91±0.68a 3.82±0.26ab 3.04±0.31b 
Cst(w) (L.kPa-1) n = 7    
EELV – (EELV +1) 3.98±0.52a 2.45±0.26b 1.95±0.41b 
EELV - EILV 4.50±0.49a 3.14±0.30ab 2.81±0.46b 
 
Abbreviations: Cst(rs) = Static compliance of the total respiratory system; Cst(l) = Static compliance of the lung tissue; Cst(w) = Static compliance 







Table 4.5: Elastic work of breathing of the total respiratory system, lung tissue and chest wall during for control [0 kg] and ADF Split conditions 
[35 and 54 kg]. Measurements collected during 15 mins of steady state standing rest. Values expressed as means and standard errors of the 
means. Significant differences between groups are shown by differing letters (a, b, c,…). 
Variable Control ADF Split 35 kg ADF Split 54 kg 
Wst(rs) (J) n=11    
EELV – EILV 0.361±0.108 0.619±0.156 0.841±0.235 
REELV – (REELV +1) 0.307±0.100a 0.812±0.099b 1.163±0.151c 
Wst(l) (J) n =11    
EELV – EILV 0.237±0.033 0.269±0.046 0.287±0.073 
REELV – (REELV +1) 0.212±0.033a 0.390±0.072a 0.447±0.075b 
Wst(w) (J) n =8    
EELV – EILV -0.006±0.137 0.225±0.092 0.452±0.260 
REELV – (REELV +1) 0.016±0.138a 0.376±0.132a 0.610±0.126b 
 
Abbreviations: Wst(rs) = Static elastic work of breathing of the total respiratory system; Wst(l) = Static elastic work of breathing of the lung tissue; 
Wst(w) = Static elastic work of breathing of the chest wall; EELV = End expiratory lung volume; EILV = End inspiratory lung volume; REELV = 







Table 4.6: Static compliance of the total respiratory system, lung tissue and chest wall during submaximal exercise (4.8 km.hr-1) for control [0 
kg] and ADF Split conditions [35 and 54 kg]. Measurements collected during 15 mins of steady state marching (4.8 km.hr-1). Values expressed as 
means and standard errors of the means. Significant differences between groups are shown by differing letters (a, b, c,…). 
Variable Control ADF Split 35 kg ADF Split 54 kg 
Cst(rs) (L.kPa-1) n= 6    
EELV – (EELV +1) 2.18±0.25a 1.51±0.14b 1.19±0.12b 
EELV – EILV 2.22±0.25a 1.55±0.14b 1.25±0.12b 
Cst(l) (L.kPa-1) n = 6    
EELV – (EELV +1) 4.94±0.38 4.58±0.35 4.10±0.57 
EELV – EILV 4.75±0.35 4.34±0.34 3.87±0.54 
Cst(w) (L.kPa-1) n = 5    
EELV – (EELV +1) 3.75±0.64 2.63±2.87 2.16±0.55 
EELV - EILV 3.90±0.61 2.87±0.30 2.40±0.59 
 
Abbreviations: Cst(rs) = Static compliance of the total respiratory system; Cst(l) = Static compliance of the lung tissue; Cst(w) = Static compliance 







Table 4.7: Elastic work of breathing for the total respiratory system, lung tissue and chest wall during submaximal exercise (4.8 km..h-1) for 
control [0 kg] and ADF Split conditions [35 and 54 kg]. Measurements collected during 15 mins of steady state marching (4.8 km.hr-1). Values 
expressed as means and standard errors of the means. Significant differences between groups are shown by differing letters (a, b, c,…). 
Variable Control ADF Split 35 kg ADF Split 54 kg 
Wst(rs) (J) n = 6    
EELV – EILV 0.299±0.185a 0.838±0.277a 1.105±0.365b 
REELV – (REELV +1) 0.126±0.153a 0.704±0.218ab 1.047±0.246b 
Wst(l) (J) n = 6    
EELV – EILV 0.440±0.130 0.435±0.077 0.525±0.087 
REELV – (REELV +1) 0.255±0.064a 0.315±0.057ab 0.460±0.091b 
Wst(w) (J) n = 5    
EELV – EILV -0.251±0.221 0.309±0.229 0.305±0.321 
REELV – (REELV +1) -0.241±0.165a 0.325±0.185b 0.361±0.192b 
 
Abbreviations: Cst(rs) = Static elastic work of breathing of the total respiratory system; Cst(l) = Static elastic work of breathing of the lung; Cst(w) = 
Static elastic work of breathing of the chest wall; EELV = End expiratory lung volume; EILV = End inspiratory lung volume; REELV = Resting 







4.4.2 Phase Two – Distribution 
To investigate distribution, a mass of 35 kg was distributed entirely into the body 
armour. Static compliance and static elastic work of breathing were computed at 
standing rest and marching at 4.8 km.hr-1. 
4.4.2.1 Standing Rest 
4.4.2.1.1 Static Compliance 
During steady state standing rest, static lung tissue, chest wall and total respiratory 
system compliances were measured to assess the impact of thoracic load distribution 
(Table 4.8). There was a significant decrease in total respiratory system compliance 
(L.kPa-1) when the load was carried in the ADF Split 35 kg condition compared to the 
Body Armour 35 kg condition (P<0.05). There was a decrease in pulmonary and chest 
wall compliance (L.kPa-1) when the load was carried in the ADF Split 35 kg condition 
compared to the Body Armour 35 kg condition, however it was not significant 
(P>0.05). 
4.4.2.1.2 Static Elastic Work of Breathing 
During steady state standing rest, static elastic lung tissue, chest wall and total 
respiratory system work of breathing were measured over operational lung volumes and 
over a consistent resting 1-L tidal volume to assess of thoracic load distribution (Table 
4.9). No statistical differences were observed. 
4.4.2.2 Marching at 4.8 km.hr-1 
4.4.2.2.1 Static Compliance 
During steady state marching at 4.8 km.hr-1 static lung tissue, chest wall and total 
respiratory system compliance were measured to assess the impact of thoracic load 
distribution (Table 4.10). No statistical differences were observed. 
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4.4.2.2.2 Static Elastic Work of Breathing 
During steady state marching at 4.8 km.hr-1, static elastic pulmonary, chest wall and 
total respiratory system work of breathing were measured over operational lung 
volumes and over a consistent resting 1-L tidal volume to assess of thoracic load 
distribution (Table 4.11). Static elastic work of breathing increased in total respiratory 
system, lung tissue and chest wall (J) over operational lung volumes and when over a 
consistent 1L tidal volume when the load was carried in the ADF Split 35 kg condition 




4.4.2.3 Phase Two – Distribution - Data Tables 
 
 
Table 4.8: Static compliance for the total respiratory system, lung tissue and chest wall during standing rest for mass distribution at 35 kg 
(conditions; ADF split 35 kg and Body Armour 35 kg). Measurements collected during 15 mins of steady state standing rest. Values expressed as 
means and standard errors of the means. Significant differences between groups are shown by differing letters (a, b, c,…). 
Variable Body Armour 35 kg ADF Split 35 kg 
Cst(rs) (L.kPa-1) n= 11   
EELV – (EELV +1) 1.74±0.10a 1.52±0.10b 
EELV - EILV 1.92±0.10a 1.65±0.10b 
Cst(l) (L.kPa-1) n = 10   
EELV – (EELV +1) 4.96±0.40 4.04±0.32 
EELV - EILV 4.48±0.38 3.65±0.29 
Cst(w) (L.kPa-1) n = 7   
EELV – (EELV +1) 3.02±0.44 2.45±0.26 
EELV - EILV 3.72±0.69 3.14±0.30 
 
Abbreviations: Cst(rs) = Static compliance of the total respiratory system; Cst(l) = Static compliance of the lung tissue; Cst(w) = Static compliance 







Table 4.9: Elastic work of breathing for the total respiratory system, lung tissue and chest wall during standing rest for mass distribution at 35 kg 
(conditions; ADF split 35 kg and Body Armour 35 kg). Measurements collected during 15 mins of steady state standing rest. Values expressed as 
means and standard errors of the means. Significant differences between groups are shown by differing letters (a, b, c,…). 
Variable Body Armour 35 kg ADF Split 35 kg 
Wst(rs) (J) n =11   
EELV – EILV 0.738±0.156 0.619±0.156 
REELV – (REELV +1) 0.835±0.092 0.812±0.099 
Wst(l) (J) n =11   
EELV – EILV 0.200±0.043 0.269±0.046 
REELV – (REELV +1) 0.297±0.061 0.390±0.072 
Wst(w) (J) n =8   
EELV – EILV 0.326±0.134 0.225±0.092 
REELV – (REELV +1) 0.416±0.111 0.376±0.132 
 
Abbreviations: Cst(rs) = Static elastic work of breathing of the total respiratory system; Cst(l) = Static elastic work of breathing of the lung tissue; 
Cst(w) = Static elastic work of breathing of the chest wall; EELV = End expiratory lung volume; EILV = End inspiratory lung volume; REELV = 





Table 4.10: Static compliance for the total respiratory system, lung tissue and chest wall during submaximal exercise (4.8 km.h-1) for mass 
distribution at 35 kg (conditions; ADF split 35 kg and Body Armour 35 kg). Measurements collected during 15 mins of steady state marching 
(4.8 km.hr-1). Values expressed as means and standard errors of the means. Significant differences between groups are shown by differing letters 
(a, b, c,…). 
Variable Body Armour 35 kg ADF Split 35 kg 
Cst(rs) (L.kPa-1) n= 6   
EELV – (EELV +1) 1.60±0.15 1.51±0.14 
EELV – EILV 1.68±0.14 1.55±0.14 
Cst(l) (L.kPa-1) n = 6   
EELV – (EELV +1) 5.12±0.61 4.58±0.35 
EELV – EILV 4.72±0.58 4.34±0.34 
Cst(w) (L.kPa-1) n = 5   
EELV – (EELV +1) 2.28±0.50 2.63±0.27 
EELV - EILV 2.24±0.51 2.87±0.30 
 
Abbreviations: Cst(rs) = Static compliance of the total respiratory system; Cst(l) = Static compliance of the lung tissue; Cst(w) = Static compliance 









Table 4.11: Elastic work of breathing for total the respiratory system, lung and chest wall during submaximal exercise for mass distribution at 35 
kg (conditions; ADF split 35 kg and Body Armour 35 kg). Measurements collected during 15 mins of steady state standing rest. Values 
expressed as means and standard errors of the means. Significant differences between groups are shown by differing letters (a, b, c,…). 
Variable Body Armour 35 kg ADF Split 35 kg 
Wst(rs) (J) n = 6   
EELV – EILV 0.975±0.291 0.838±277 
REELV – (REELV +1) 0.655±0.144 0.704±0.218 
Wst(l) (J) n = 6   
EELV – EILV 0.427±0.050 0.435±0.077 
REELV – (REELV +1) 0.288±0.056 0.315±0.057 
Wst(w) (J) n = 5   
EELV – EILV 0.274±0.285 0.309±0.299 
REELV – (REELV +1) 0.186±0.151 0.325±0.185 
 
Abbreviations: Cst(rs) = Static elastic work of breathing of the total respiratory system; Cst(l) = Static elastic work of breathing of the lung tissue; 
Cst(w) = Static elastic work of breathing of the chest wall; EELV = End expiratory lung volume; EILV = End inspiratory lung volume; REELV = 





4.5 DISCUSSION  
The current study, through the use of compliance curves, reports significant changes to 
the underlying respiratory physiology. With the addition of thoracic loads, there were 
decreases in the compliance of the total respiratory system, lung tissue and the chest 
wall. However, when static elastic work was investigated, the changes observed with 
the addition of load were less pronounced than those seen in compliance. This is most 
likely due to the changes in operational lung volumes reported in the previous chapter. 
It is not easy to measure respiratory relaxation pressures at the highest, middle and 
lowest lung volumes. Variations in the static pressure-volume relationships at these 
three critical volumes have been consistently reported and these variations are present 
even when reproducible relaxation compliance curves were successfully obtained and 
verified via electromyography (Estenne et al., 1985). To overcome these variations, 
curve fitting with mathematical models was used to reduce the possible random errors 
associated with such variation. Multiple curve fitting models have been used previously 
including polynomial, exponential and exponential sigmoid functions (Colebatch et al., 
1979; Gibson et al., 1976; Lanteri et al., 1993; Venegas et al., 1998). In the current 
study, polynomials functions were fitted as this model provides coefficients between 
independent and dependent variables which allow the differentiation of compliance and 
integration of static elastic work. Resting compliances and static elastic work quantified 
from curve fitting models in the current study fall in similar ranges to those reported 
from previous investigations performed on young and healthy individuals confirming 
that normal healthy subjects were recruited (Chaunchaiyakul et al., 2004). 
Static pressure-volume relationships of the lung tissue, chest wall and total respiratory 
system measured in the current study also show similar shapes and characteristics, with 
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two points of rapid change at the upper and lower portions, as those reported previously 
(Gibson et al., 1976; Morrison et al., 1990; Rahn et al., 1946). The upper, flat plateau is 
the result of the additional inward recoil of the chest wall and lung tissues (Gibson Pride 
1976). The lower flat portion is the result of airway closure as the lung volume 
decreased below functional residual capacity (Demedts et al., 1975; Fry et al., 1954). 
These regions both reflect the gradually reduced ability of the respiratory muscles 
(length-tension relationship) to change lung volume and overcome tissue stiffness at 
these low volume extremes. The uniformity of the elastic properties of the total 
respiratory system, lung and chest wall are therefore shown by the linearity of the 
middle portion. As pressure is a function of volume, the curvilinearity of the entire 
compliance curves confirms that pressure does not change proportionately with volume 
over the entire vital capacity, especially at low and high volumes. The compliance and 
static elastic work of the total respiratory system, lung tissue and chest wall for differing 
load masses and distributions were calculated over the operational lung volumes 
recorded for each condition. This occurred over the middle linear portion of the curve 
resulting in the variations at high and low lung volumes having a minimal effect on the 
current results. 
With the addition of thoracic loading, the current study specifically reports a significant 
decrease in the compliance of the total respiratory system, lung tissue and chest wall at 
rest. These decreases were seen in combination with changes to operational lung 
volumes reported in the previous chapter. When exercising submaximally, there was a 
significant decrease in the compliance of the total respiratory system, however, no 
significance difference was found in the compliance of the lung and chest wall alone 
(Table 4.6). Once again, those changes were in combination with changes to 
operational lung volumes reported in Chapter 3. When the load was shifted to, and 
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carried entirely in the body armour, rather than in a combination of body armour and 
backpack there was a significant increase in the compliance of the total system (Table 
4.10). This indicates, similar to the changes seen in operational lung volumes in Chapter 
3, that the combination of loading across the shoulders and chest actually restricts the 
respiratory system more than loading the chest alone when using body armour. 
Operational lung volumes therefore shift in order to work over a more compliant part of 
the compliance curves and therefore may act to limit the work of the respiratory system. 
When the static elastic work was investigated during rest there was no significant 
difference observed. However, there was a trending increase with load. When static 
elastic work was investigated while exercising submaximally, there were significant 
increases in the static elastic work of the total respiratory system with increasing load, 
however, no changes were seen in the lung tissue or chest wall. When static elastic work 
was investigated over the same portion of the compliance curves, not taking into 
account the changes in operational lung volumes, significant increases were found in the 
total respiratory system, lung tissue and chest wall both at rest and exercising 
submaximally. Together, this indicates that the changes to operational lung volumes 
allow the respiratory system to combat the decreases in compliance and increases in 
static elastic work that occur with increasing thoracic load by working over different, 
more compliant portions of the compliance curves. Lastly, when the load was shifted to, 
and carried entirely in, the body armour, rather than in a combination of body armour 
and backpack, there was, however, no significant difference between the combination of 




Previous research shows that, although the power of breathing increased with loads, that 
change was due to the increase in minute ventilation rather than to changes in the static 
elastic work. When the minute ventilation was held constant, there were no longer 
significant increases in the power of breathing with increasing load (Dominelli et al., 
2012b). They suggested that adaptive changes to breathing mechanics may have 
minimised the changes to power of breathing. The current study adds to this research, as 
it shows that, while there is an underlying change to the compliance of the total 
respiratory system, lung tissue and chest wall, changes in the operational lung volumes 
allowed the respiratory system to mitigate the changes to the static elastic work and 
power of breathing. There may, however, be a point at which the manipulation of 
operational lung volumes is no longer enough to minimise the changes to static elastic 
work and the power of breathing. Previous chest restriction studies give insight into 
when the static elastic work and power of breathing are elevated. For example compared 
to the 12% reductions reported to forced vital capacity in the previous Chapter with 
heavy loads, these chest restriction studies decrease forced vital capacity by more the 
30% (Miller et al., 2002; O'Donnell et al., 2000; Tomczak et al., 2011). Beyond this 
point both the static elastic work and flow resistive work of breathing are significantly 
elevated (Miller et al., 2002; Tomczak et al., 2011).  
The integrated nature of the cardiopulmonary system demonstrates that changes to 
either respiratory or cardiovascular mechanics have significant influence on the entire 
relationship. For instance, increases in the static elastic work and flow resistive work of 
breathing have been shown to lead to alterations to respiratory muscle work and the 
cardiovascular system, with decreases in cardiac output reported with chest wall 
restriction (Miller et al., 2002; Tomczak et al., 2011). It is postulated that this may be a 
follow on effect from alterations to the respiratory system. Preload may be decreased as 
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a result of reduced thoracic negative pressure swings which could cause a decrease in 
systemic venous return gradient by increasing right atrial pressure. Furthermore, 
increased gastric pressure would also decrease venous return by increasing central 
venous resistance. Therefore, a mismatch between venous return and desired left 
ventricular outflow will decrease stroke volume, and the resultant decrease in cardiac 
output as has been reported with chest restriction (Miller et al., 2002). Chest wall 
restriction also causes significant diaphragmatic fatigue, as result of the increased work 
of breathing (Tomczak et al., 2011). Factors other than respiratory muscle work must 
contribute to diaphragmatic fatigue, as fatigue did not occur when subjects replicated 
the magnitude and duration of diaphragmatic work (Babcock et al., 1995). It is 
suggested that with chest wall restriction the contractile conditions of the diaphragm, 
local metabolites along with reduced blood flow increase the degree of diaphragmatic 
fatigue (Tomczak et al., 2011). The decreases in cardiac output with chest restriction 
previously discussed, when coupled with a reduced oxyhaemoglobin concentration and 
a mechanical restriction of blood flow with chest restriction, (Green et al., 1974) may 
cause diaphragmatic ischaemia and fatigue. Furthermore, increases in demand for blood 
flow to locomotive skeletal muscle during exercise is further elevated with load 
carriage, and these may cause respiratory muscle fatigue during load carriage, even if 
the 12% reduction in forced vital capacity is not enough to significantly raise the work 
of breathing. 
While the static elastic work may not be significantly increased with increasing thoracic 
load, the respiratory muscle work may be increased due to the aforementioned reasons. 
Respiratory muscle fatigue has been investigated to give insight into the effect of load 
carriage on total respiratory muscle work. With both chest wall restriction and upright 
water immersion, respiratory muscle function is altered with an increase the inspiratory 
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muscle work (Harris, 2005; Taylor et al., 1999). It follows that the same could be true 
for load carriage, however inspiratory muscle work has not been previously 
investigated. Exercise-induced respiratory muscle fatigue has been investigated with a 
25 kg backpack. After both a submaximal 60-min walk at 6.5 km.hr-1 and a 2.4 km time 
trial maximal inspiratory mouth pressure and expiratory mouth pressure were 
significantly reduced compared to the same exercise undertaken without loading. This 
provides evidence that submaximal exercise with backpack load carriage may cause 
inspiratory and expiratory muscle fatigue (Faghy et al., 2014). In a follow-up study, 
reduced backpack loads of, 10, 15 and 20 kg, were found not to elicit respiratory muscle 
fatigue, despite still causing significant increases in physiological, metabolic and 
perceptual variables. Therefore, one possibility is that a load threshold must be reached 
before respiratory muscle fatigue ensues although this threshold will also be likely 
influenced by the individual in terms of load carriage experience (Faghy et al., 2016). 
With increasing thoracic loads and the distribution of those loads, significant changes 
occur to the compliance of the total respiratory system, chest wall and lung tissues. 
Changes in operational lung volumes minimise the effect that these compliance changes 
have on the static elastic work of breathing. However, respiratory muscle fatigue may 
still be encountered. Furthermore, with increases in either the size of the load or the 
duration of exercise, the respiratory system may no longer be able to combat the 
changes in compliance through operational lung volumes, and therefore static elastic 
work of breathing may significantly increase. The current study gives an understanding 
of the underlying physiological changes occurring to the respiratory system with load 
carriage and how the respiratory system is able to adapt to these changes. Further 
research will ascertain at what point the static elastic work will be significantly altered, 
and the impact this will have on respiratory muscle fatigue and load carriage exercise. 
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No doubt this will be opportunity to consider many other questions including load 
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5.0 CHAPTER FIVE: CONCLUSION AND FUTURE DIRECTION 
5.1 CONCLUSION 
This series of studies has provided a comprehensive understanding of the interaction of 
thoracic load carriage and respiratory mechanics. Moreover, the implications for 
meeting the metabolic demand, albeit at submaximal exercise intensity and the limits to 
exercise tolerance, serve as implementable principles for those in occupational settings 
where load carriage and physical exercise are core requirements such as the military, 
firefighting and search and rescue (Knapik et al., 2004; Louhevaara et al., 1986). 
External loads carried range from 5kg in recreational settings up to 75kg in certain 
military operations (Diggerworks 2014). 
In the military, personnel are required to conduct dismounted patrols carrying heavy 
loads over long distances and for prolonged durations (Henning et al., 2011; Knapik et 
al., 2004). Similarly, firefighters and search and rescue personnel are required to carry 
heavy loads for sustained periods when conducting rescue searches or hiking to fire 
fronts inaccessible by vehicle (Rodríguez-Marroyo et al., 2012). Due to the time 
sensitive nature of such occupations, in many instances personnel must not only work 
submaximally, but also close to maximal while carrying these heavy loads (Phillips et 
al., 2016c). For instance, in the military, high-risk combat scenarios, such as engaging 
the enemy following a long approach march, require soldiers to exercise submaximally 
for long periods and then at a high intensity (Drain et al., 2016). Firefighting and search 
and rescue require high-intensity exercise when escaping fire fronts or performing a 
high-rise building casualty evacuations (O'Neal et al., 2014; Ruby et al., 2003). 
It is already accepted that thoracic load carriage will reduce the maximal accepted work 
duration of the task, due to the mass, and for very intense work, this can be as little as 
10 minutes before cardiopulmonary insufficiency prevails (Peoples et al., 2016). The 
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current series of studies, through gaining a more comprehensive understanding of 
respiratory physiology and load carriage, helps to better understand how loads have an 
impact on the mechanical impediment to breathing and on the ability of a soldier or 
firefighter to complete critical tasks. In addition, serves as crucial information for 
operation/mission planners and commanding offices. 
This investigation took a multifaceted approach to gain a comprehensive understanding 
of the effect load carriage has on respiratory mechanics, and more generally on physical 
exercise. In order to do this, load carriage, load distribution and chest restriction were 
all evaluated in combination, and as separate interactions across a range of metabolic 
states. Most importantly, the inherent nature of this first principles approach in 
integrative physiology required that both the study design and methodological aspects 
were carefully employed. This included the manipulation, measurement and analysis of 
both regulated controlled physiological variables to isolate individual effects. 
During maximal exercise, there were significant reductions in tolerance time, total work 
performed and peak aerobic power. The current study has now demonstrated a dose 
effect, as tolerance time was significantly reduced at all load conditions, with a 22, 33 
and 42% reduction at 15, 25 and 35 kg (respectively) whereby, for every kilogram of 
addition mass, there was a 1.2% reduction in maximal tolerance time. This load 
dependent reduction has been reported previously in the range of 30% with 25 kg of 
additional mass (Phillips et al., 2016a), 46% with 45 kg of additional mass (Phillips et 
al., 2016b) and 14% with 10 kg of additional mass. (Walker et al., 2015), equalling 
approximately a 1% per kg reduction across independent studies. As a primary result of 
the reduction in tolerance time, work performed during the maximal exercise test was 
also significantly decreased for all load conditions. These reductions are not only much 
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greater than those seen in peak aerobic power, but also occur even with only small 
additional loads carried on the thorax. Therefore, for young, trained and non-
pathological states, the cardiopulmonary system was not severely compromised during 
thoracic load carriage, rather, the early exhaustion can be explained by the partitioning 
the oxygen cost of carrying the external load (Stickland et al., 2008). Peak aerobic 
power was significantly reduced at loads of 25 kg and above. Previous studies have also 
demonstrated similar alterations to peak aerobic power at high loads, but without 
alterations to peak aerobic power below 25 kg of mass (Louhevaara et al., 1995; 
Peoples et al., 2016; Phillips et al., 2016a; Phillips et al., 2016b; Taylor et al., 2012). 
However, at these thoracic loads, peak aerobic power is significantly reduced, but this 
may not be physiologically significant, as they amounted to a less than 5% decrease in 
peak aerobic power, even at 35 kg of additional mass. The demonstrated decreased 
ability to work maximally for as long a period of time, and to the same extent, could 
have repercussions in emergency response occupations. Therefore basing a limit of load 
carriage in order to maintain tolerance time, peak power and total work would ensure 
those in these occupations will be able to perform maximal exercise for periods long 
enough to complete the required tasks.  
It appears that the respiratory system is able to maintain peak aerobic power, with only 
minor decreases, while carrying load, due to its inherent reserve capabilities (Stickland 
et al., 2012) and its ability to adapt to the thoracic load. The respiratory system can 
maintain the ventilatory requirements of maximal exercise through manipulation of 
respiratory mechanics (Stickland et al., 2008), and thereby compensate for the added 
load. The current study showed that even with 15 kg of additional mass, while there was 
no significant change to peak aerobic power, the tidal volume at peak aerobic power had 
a significant 8% decrease accompanied by a compensatory increase in breathing 
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frequency to maintain minute ventilation. Finally, when the load was redistributed and 
carried entirely in the backpack, there were no changes to peak aerobic power. 
However, there was a significant decrease in the total work performed during the 
incremental treadmill test to exhaustion. The most significant outcomes of this study 
were the decrease in tolerance time and work performed with the addition of thoracic 
load, which were further decreased when the load was carried entirely in the backpack 
rather than being distributed through body armour and backpack. 
During submaximal exercise, carrying loads in an ADF Split (backpack and body 
armour) was found to be the most metabolically efficient way to carry thoracic load. 
The ADF split condition did, however, seem to exacerbate the changes that occur to the 
respiratory system with additional mass on the thorax. The most significant changes to 
the respiratory system with thoracic load carriage were alterations to static and 
operational lung volumes. As load was increased, both static and operational lung 
volumes were decreased, and the ADF split was the most significant load distribution 
condition affected. 
There was a dose dependent decrease in the force vital capacity until 35 kg of load, 
however, after this point, heavier loads provided no further decrement to volume. As the 
load increased with 15, 25 and 35 kg of additional mass, there was a 6.0, 10.0 and 
13.5% decrease in forced vital capacity respectively. This is greater than the reductions 
previously reported in the literature at the same loads, which showed reductions of 3, 5 
and 8% (Dominelli et al., 2012b; Faghy et al., 2014; Walker et al., 2015). This 
discrepancy could be due to the load being carried in a backpack in previous studies 
rather than in an ADF Split. Not surprisingly, this was also the case for the operational 
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lung volumes, and clearly indicates the relationship between the two categories of 
pulmonary function. 
Throughout exercise, as load increased operational lung volumes decreased; end 
inspiratory lung volume (EILV), inspiratory reserve volume (IRV), end expiratory lung 
volume/expiratory reserve volume (EELV/ERV) all decreased, indicating that subjects 
were breathing closer to functional residual volume and had smaller reserve volumes to 
delve into while carrying heavier masses. Previously, these volumes have been 
measured during submaximal exercise, however, a consensus concerning the overall 
effect had not been reached. A decrease in end inspiratory lung volume (EILV) and no 
change to end expiratory lung volume (EELV) were reported when participants carried 
a backpack containing 45 kg during graded exercise to exhaustion (Phillips et al., 
2016b). These changes in end inspiratory and expiratory lung volumes, however, were 
calculated based on resting spirometric values. Another recent study did measure end 
inspiratory and expiratory lung volumes during submaximal exercise with load. They 
found a progressive decrease in end expiratory lung volume, but with no change to end 
inspiratory lung volume, during submaximal exercise with increasing backpack loads 
15-35 kg (Dominelli et al., 2012b). 
These alterations to lung volumes in turn have an impact on expiratory flow (Tomczak 
et al., 2011) however, at the loads and workloads used it was not found to be 
detrimental (Tomczak et al., 2011). When the mass was removed and the chest 
strapped, to a similar decreases in forced vital capacity, static operational lung volumes 
and flow limitations were reported, but to a lesser extent than that seen with load. 
Therefore a combination of mass and chest-wall restriction is likely responsible for the 
respiratory function alterations reported. While the most metabolically efficient way to 
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carry thoracic load is in an ADF split, this further exacerbates the physiological stress, 
made up of additional mass and the chest restriction it imposes, placed on the 
respiratory system with load carriage. 
With increasing thoracic load, and the distribution of that load, there are significant 
decreases in the compliance of the total respiratory system, chest wall and lung. While 
these underlying changes to the compliance of the total respiratory system, lung tissue 
and chest wall occur, the aforementioned alterations in the operational lung volumes 
illustrate how the respiratory system was able to mitigate those effects on the static 
elastic work and power of breathing. Respiratory timing centres in the brainstem make 
adjustments not only to the rate and depth of breathing, but where within total lung 
capacity breathing is conducted (Tipton et al., 2017). Previous research shows that, 
although the power of breathing increased with loads, that was due to the increase in 
minute ventilation rather than to changes in the static elastic work. When the minute 
ventilation was held constant, there were no longer significant increases in the power of 
breathing with increasing load (Dominelli et al., 2012b). They suggested that adaptive 
changes to breathing mechanics may have minimised changes to the power of breathing. 
There may, however, be a point at which the manipulation of operational lung volumes 
is no longer enough to minimise the changes to static elastic work and the power of 
breathing. 
Previous chest restriction studies give insight into when the static elastic work and 
power of breathing are elevated. For example, compared to the 12% reductions reported 
to forced vital capacity in the previous Chapter with heavy loads, these chest restriction 
studies decreased forced vital capacity by more the 30% (Miller et al., 2002; O'Donnell 
et al., 2000; Tomczak et al., 2011). Beyond this point, both the static elastic work and 
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flow resistive work of breathing are significantly elevated (Miller et al., 2002; Tomczak 
et al., 2011). Furthermore, either increases in load or duration of exercise may result in 
the respiratory system no longer being able to combat the changes in compliance 
through alterations in operational lung volumes. 
While changes in operational lung volumes minimise the effect compliance changes 
have on the static elastic work of breathing, respiratory muscle fatigue may still be 
encountered. Exercise-induced respiratory muscle fatigue has been investigated with a 
25 kg backpack. After both a submaximal 60-min walk at 6.5 km.hr-1 and a 2.4 km time 
trial, maximal inspiratory and expiratory pressures were significantly reduced compared 
to the same exercise undertaken without loading. This provided evidence that 
submaximal exercise with backpack loading may cause inspiratory and expiratory 
muscle fatigue (Faghy et al., 2014). 
In the broader physiological context, increased respiratory muscle work and fatigue may 
have a major contribution to limiting exercise performance. In part, the 
cardiopulmonary interactions indeed signify a direct influence on the cardiac cycle and 
total peripheral resistance (Miller et al., 2002). Respiratory muscle fatigue induced 
metaboreflex increases sympathetic vasoconstrictor outflow, via a supra-spinal reflex, 
causing reduced blood flow to locomotor muscles, resulting in muscle fatigue 
(Dempsey et al., 2006). Furthermore, the changes in intra-thoracic and abdominal 
pressures that occur with increased respiratory work, and changes in compliance with 
load carriage, also have a direct impact on the pumping function of the heart. A 
mismatch between venous return and desired left ventricular outflow decreases stroke 
volume, and the resultant decrease in cardiac output has been reported with chest 
restriction (Miller et al., 2002). 
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Arterial oxyhaemoglobin desaturation has been shown during heavy intensity exercise, 
and may be further exacerbated with load carriage (Dempsey et al., 2008). While 
minimal changes to arterial oxyhaemoglobin saturation were seen during submaximal 
exercise with load carriage in the current investigation, during heavy intensity exercise, 
there may be a significant desaturation (Amann, 2012). Lastly, the chest restriction 
caused by load carriage may also give insight into pathological states such as small 
airway diseases. Chest restriction causes low lung volume breathing, increases elastic 
recoil, reduces respiratory compliance and increases maximal expiratory flows, all of 
which also occur in chronic obstructive pulmonary disease, along with other small 
airway diseases. Further insight into chest restriction could provide novel insights for 
small airway diseases and could enhance the treatment of such diseases (Eberlein et al., 
2014). 
Therefore, understanding how the respiratory system is altered with load carriage has 
consequences that reach further than the respiratory system alone. The current 
investigations gives a comprehensive understanding of the underlying physiological 
changes occurring to the respiratory system with load carriage, how it is able to adapt to 
those changes and the ultimate impediment to physical performance. Furthermore, the 
effects of load distribution and chest restriction have also been thoroughly investigated. 
No doubt, despite the mechanistic approach taken in this overall project, a multi-
systems integration of the effects of thoracic load carriage has yet to be attempted, and 
that represents the logical next step. 
5.2 PRACTICAL IMPLEMENTATION 
As previously stated, this series of studies provides a comprehensive understanding of 
the interaction of thoracic load carriage and respiratory mechanics. This understanding 
can serve as a guide for implementable principles for those in occupational settings 
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where load carriage and physical exercise are core requirements such as the military, 
firefighting and search and rescue (Knapik et al., 2004; Louhevaara et al., 1986).  
Firstly, the physiological decrements to maximal exercise with load carriage point to 
implementing a limit of load carriage in order to maintain tolerance time, peak power 
and total work to ensure those in occupations will be able to perform maximal exercise 
for periods long enough to complete the required tasks. The current set of studies shows 
that the limit for those who are to work maximally would ideally be set at 25 kg. 
Secondly, for load carriage during submaximal exercise there are a few considerations 
to take into account in order to form a concise implementation plan. Carrying loads in 
an ADF Split (backpack and body armour) was found to be the most metabolically 
efficient way to carry thoracic load. The ADF split condition did, however, seem to 
exacerbate the changes that occur to the respiratory system with additional mass on the 
thorax. The most significant alterations occurring at the higher loads, these alterations to 
the respiratory system were however within the scope of the respiratory system. 
Therefore the current set of studies shows that load carried during submaximal exercise 
should be carried in an ADF Split (backpack and body armour) to limit the metabolic 
workload and while this may exacerbate the changes that occur to the respiratory system 
this is a compensatory measure that will not cause decrement to submaximal exercise 
performance. Furthermore, alterations to the respiratory system keep occurring as load 
is increased to 54 kg however above this point these compensatory alterations can no 
longer combat the detrimental changes to the compliance of the respiratory system 
Therefore a load limit of 54 kg should be set for submaximal exercise. 
The above practical implementation recommendations should serve as a guide to those 
undergoing maximal and submaximal exercise with load carriage, especially in 
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occupational settings. However they are in specific reference to the respiratory system 
and metabolic efficiency, they do not take into account musculoskeletal implications 
nor do they take into account changes that may occur with long duration endurance 
exercise lasting longer than a couple hours. 
5.3 FUTURE DIRECTION 
While load carriage effects on exercise have been of interest in the literature recently, 
there have been very few investigations on the mechanical work of breathing with load 
carriage. It would therefore be useful to continue to investigate respiratory mechanics 
with load carriage with several different aspects and approaches. 
5.3.1 Dynamic Work of Breathing 
As shown in the current and previous investigations, there are significant changes in 
flow and the static elastic work of breathing with load carriage (Dominelli et al., 
2012a), and it would follow that there would be underlying changes to the dynamic flow 
resistive work of breathing. While this is the first study to collect static pressure-volume 
curves with load carriage, an extension of this project, with oesophageal balloon was in 
place during dynamic breathing and exercise, would allow for the determining the 
dynamic flow-resistive work of breathing. Therefore, a future study could investigate 
specific loads and distributions at multiple exercise intensities, informed by this study, 
while measuring not only the static elastic work of breathing, but also the dynamic flow 
resistive work of breathing. This would not only accurately quantify how load carriage 
increases the work of breathing, but also help give insight into whether the chest wall 
and lungs adapt to the load over a prolonged period of time, much like with inspiratory 
muscle training (Turner et al., 2012). Although respiratory muscle training has been 
shown to be beneficial to those in pathological states, such as chronic obstructive 
pulmonary disease (Brown et al., 2012), limited evidence suggests that respiratory 
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muscle training would be beneficial to a healthy population during load carriage. 
Carrying the load itself may already create a stimulus that causes effects similar to 
respiratory muscle training, such as inspiratory muscle hypertrophy and changes in 
physiological cross sectional area. Changes to respiratory muscle characteristics should 
also be investigated through non-invasive ultrasounds to track respiratory muscle 
changes with sustained load carriage. 
5.3.2 Sex Differences 
The current study only used men to investigate load carriage and respiratory mechanics. 
At present, an ever increasing proportion of the military and fire and rescue workforces 
is made up of females. It is therefore important to understand the changes to respiratory 
mechanics that occur with sex while undertaking load carriage. Respiratory structural 
and morphological differences between sexes include a smaller vital capacity and 
maximal expiratory flows, reduced airway diametres and a smaller diffusion area 
(Harms, 2006). These, in turn, have an effect on respiratory mechanics during exercise, 
such as a greater expiratory flows and expiratory flow limitations, an increased work of 
breathing, increased dyspnoea and greater exercise induced arterial hypoxaemia 
(Harms, 2006; Molgat-Seon et al., 2017). With load carriage, these differences between 
the sexes may be further exacerbated. Therefore, a future study should investigate 
specific loads and distributions at multiple exercise intensities, informed by this study, 
to investigate the sex changes to respiratory mechanics and load carriage. 
5.3.3 Load Carriage Duration 
Finally, while the current study showed there are significant underlying physiological 
changes to respiratory mechanics, the respiratory system was able to adapt to combat 
those changes, and minimise the work of breathing and the detrimental effects this may 
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have on load carriage exercise. The current study, however, only implemented short-
duration exercise. Physical work within occupational settings is most often conducted at 
sustainable and protracted submaximal intensities, and load carriage is often continuous 
and for an extended durations (Peoples et al., 2016). Over longer durations of exercise, 
the respiratory system may no longer be able to adapt, and these changes in the 
underlying physiology of respiratory mechanics may result in an increased work of 
breathing, respiratory muscle fatigue and ultimately a decreased exercise capacity 
(Brown et al., 2012). The ability to predict at what point load carriage might result in 
excessive fatigue due to change in the above parameters is of considerable practical 
significance and can help to determine maximal acceptable work durations (Peoples et 
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APPENDIX A: PHYSICAL ACTIVITY QUESTIONAIRE, 
SCREENING QUESTIONAIR AND INFORMED CONSENT 
 
International Physical Activity Questionnaire 
 
1. In the last week, how many times have you walked continuously, for at least 10 
minutes, for recreation, exercise or to get to or from places? 
 
 
2. What do you estimate was the total time that you spent walking in this way in 
the last week? (In hours and/or minutes) 
 
 
3. In the last week, how many times did you do any vigorous gardening or heavy 
work around the yard, which made you breathe harder or puff and pant? 
 
 
4. What do you estimate was the total time that you spent doing vigorous gardening 
or heavy work around the yard in the last week? (In hours and/or minutes) 
 
 
5. The next questions exclude household chores, gardening or yardwork: In the last 
week, how many times did you do any vigorous physical activity which made 




6. What do you estimate was the total that you spent doing this vigorous physical 
activity in the last week? (In hours and/or minutes) 
 
 
7. In the last week, how many times did you do any other more moderate physical 




8. What do you estimate was the total time that you spent doing these activities in 
the last week? (In hours and/or minutes) 
 
 
Specific History of Training: 
When you are physically active, is part of your program specifically related muscle 
strength? 




If, Yes, please detail 
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Do you currently take part in physical activity that could be classified as ‘resistance 
training’?  
Yes / No 
 
If, Yes, please detail (times per week). 
             
             
             
             
 
Have you previously, but not currently, engaged in physical activity that could be 
classified as ‘resistance training’?  
Yes / No 
 
If, Yes, please detail your previous experience in resistance training (how recent / times 
per week). 
             
             
             
             
 
When you are physically active, is part of your program specifically related to contact 
sport that requires physical strength and power? 
Yes / No 
 
If, Yes, please detail 
             
             
             












SUBJECT SCREENING QUESTIONNAIRE: 
Exercise Research Laboratory 
School of Health Sciences, University of Wollongong 
Please answer the following questions as frankly and accurately as possible. 
This questionnaire is designed to protect the health of both the subject and 
experimenter. 








______________________________________________________ Post Code  
________ 
TELEPHONE:  Home: _______________________ Work: _____________________ 
DATE OF BIRTH:  ________________ (mm/dd/yr)    AGE:  _________ years 
GENDER:   (   ) male  (   ) female 
MARITAL  STATUS:   (   ) single      (   ) married       (   ) widowed       (   ) separated 
 
SECTION A: OCCUPATIONAL  HISTORY: 
(1) Your current occupation or job: 
__________________________________________________ 
(2) Specify total period at this occupation: ______ years.   
(3) As part of your present or past occupation, have you ever worked in or been exposed 
for long periods to: (   ) dusty jobs     (   ) smoky jobs  (   ) gas fumes  (   ) chemical 
fumes 
SECTION B:  MEDICAL HISTORY:  
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(1) Your family or personal doctor's details: 





(2) Do you have, or have you had any of these illnesses? 
(a) Heart problems:    (   ) yes      (   ) no 
If yes, please indicate the doctor’s diagnosis: 
_____________________________________ 
First incident at age ______ years.  Last incident on: ______________ 
(dd/mm/yr). 
(b) Respiratory (lung) problems:    (   ) yes      (   ) no 
If yes, please indicate the doctor's diagnosis: 
_____________________________________ 
First incident at age ______ years.  Last incident on: ______________ 
(dd/mm/yr). 
(c) Renal problems:    (   ) yes      (   ) no 
If yes, please indicate the doctor's diagnosis: 
_____________________________________ 
First incident at age ______ years.  Last incident on: ______________ 
(dd/mm/yr). 
(3) Do you have, or have you had, any of these other illnesses or health problems? 
For example, high blood pressure, diabetes, muscle, bone, joint, neural disorders or 
major operations. If no, skip to next question. If yes, please complete the details below 
for each item. 




First incident at age ______ years.  Last incident on: ______________ 
(dd/mm/yr).(b) If yes, please indicate the doctor's diagnosis: 
__________________________________ 
First incident at age ______ years.  Last incident on: ______________ 
(dd/mm/yr). 
(c) If yes, please indicate the doctor's diagnosis: 
__________________________________ 
First incident at age ______ years.  Last incident on: ______________ 
(dd/mm/yr). 
(4) Do you have any medical condition(s) you feel the researchers should know 
about?  
       (  ) no        (  ) yes: please give details: 
_________________________________________ 
(5) Are you currently taking any medication prescribed by a doctor?   
       (  ) no        (  ) yes: please give details: 
_________________________________________ 
(6) Has a doctor ever said you have a heart condition and recommended only 
medically-supervised physical activity? 
(   ) no               (   ) yes 
(7) Do you have chest pain which was brought on by physical activity?  
(   ) no               (   ) yes 
(8) Have you developed non-respiratory chest pain within the past month?  
(   ) no               (   ) yes 
(9) Do you have a tendency to lose consciousness or fall over as a result of 
dizziness?  
(   ) no               (   ) yes 
(10) Has a doctor ever recommended medication for blood pressure or a heart 
condition?   
(   ) no               (   ) yes 
Page 292 
 
(11) Do you have a bone or joint problem that could be aggravated by physical 
activity? 
(   ) no               (   ) yes 
(12)  Are you aware, through your own experience, or through a doctor's advice, of 
any other physical reason against your exercising without medical supervision?   
(   ) no               (   ) yes 
If yes, please explain briefly: 
_____________________________________________ 
(13) Do you ever have to stop for a rest, or to catch your breath, when:  
(  ) only when engaging in very strenuous exercise 
(  ) walking at your own pace on level ground  
(  ) walking up a slight hill or stairs 
(  ) dressing & undressing 
(  ) gardening 
(  ) other activities: please 
specify:__________________________________________ 
(14) Do you usually cough on getting up, or first thing in the morning? 
(  ) no               (  ) yes 
(15) Do you usually cough during the day or night?  
(  ) no               (  ) yes 
 
(16) Do you usually cough like this most days, or 3 consecutive months during this 
year? 
(  ) no               (  ) yes 
If yes, for how many years have you had this cough?  ______ years. 
(17) Do you usually cough up phlegm on getting up, or first thing in the morning? 
(  ) no               (  ) yes 
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(18) Do you usually cough up phlegm during the day or at night? 
(  ) no               (  ) yes  
(19) Do you usually produce phlegm daily, or 3 consecutive months during this 
year? 
(  ) no               (  ) yes 
If yes, for how many years have you had trouble with phlegm?  ______ years. 
(20)  Does your chest ever sound wheezy or whistling, either at rest or during 
exercise? 
(  ) no               (  ) yes 
If yes, for how many years has it been present?  ______ years.  
(21) Have you ever had an attack of wheezing that has made you feel short of 
breath? 
(  ) no               (  ) yes 
If yes, have you ever required medicine or treatment for such an attack? 
(  ) no               (  ) yes 
 
SECTION C: SMOKING HISTORY: 
(1) Have you ever smoked cigarettes?  
(   ) no: go to Section D     (   ) yes 
“NO” means less than 20 packs in a lifetime or less than 1 cigarette a day for 1 year. 
(2) If  yes, do you now smoke cigarettes (as of 1 month ago)?  
(   ) no               (   ) yes 
(3) If yes, how old were you when you first started regular smoking?   __ years. 
 
(4) If yes, how many cigarettes do you smoke per day now? ______ cigarettes per 




SECTION D: PHYSICAL ACTIVITY HISTORY:  
(1)  Do you consider yourself to be sedentary?  
You exercise once or less per week for the last 10 years or for more than 2 years 
continuously since turning 20 years. 
(  ) no               (  )  yes 
2)  Do you considered yourself to be habitually active?  
You are currently active, you have a long history of regular physical activity since 
turning 20 years, or for more than 10 years, and you exercise more than 3 times per 
week at an intensity greater than 50% of your maximal capacity. 
(  ) no               (  )  yes 
(3) Does your employment involve physical work? 
(  ) no               (  )  yes 
If yes, on an average day, how hard would describe this work? 
(  ) light  (  ) moderately heavy  (  ) hard  (  ) very hard 
(4) On average, and when considered over the last month, how frequently are you 
engaged in recreational or sporting physical exercise (such as: running, walking, 
swimming, cycling, playing active sports or games, dancing, etc.)?   
(  ) less than once per week (  ) once per week  (  )  2-3 times per week 
(  )  4-6  times per week  (  )  at least once per day 
(5) On average, and when considered over the last month, how long would you 
spend (in a single session) engaged in these recreational or sporting physical 
exercise?  
(  ) less than 15 minutes at a time   (  ) 15-20 minutes at a time 
(  ) 20-30 minutes at a time   (  ) 30-40 minutes at a time  
(  ) 40-50 minutes at a time   (  ) 50-60 minutes at a time 
(  ) more than 60 minutes at a time 
 (6) Consider now physical activity which is directed towards increasing your 
physical endurance (fitness), that is, vigourous exercise at 60-70% or more of your 
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maximal capacity. How many times each week do you engage in this type of 
exercise? 
(   ) never (   ) rarely (   ) less than once per week (   ) once per week 
(   ) 3 times per week   (   )  4 times per week  (   ) 5 times per week 
(   ) 6 times per week (   ) 7 times per week 
 
(7)  On average, and when considered over the last month, how long do engage in 
such endurance exercise for any given exercise session? 
(   ) less than 30 min (   ) 30-40 min  (   ) 40-50 min 
(   ) 50-60 min  (   ) 60-70 min  (   ) 70-80 min 
(   ) 80-90 min  (   ) 90-100 min (   ) 100-110 min 
(   ) 110-120 min (   ) greater than 120 min 
(8)  Consider now your hobbies and household duties (such as: gardening, home 
maintenance, scrubbing floors, shopping, etc.) On average, over the last month, 
how frequently do you engage in physical activity which is unrelated to either your 
regular job or your recreational/sporting pursuits? 
(  ) less than once per week (  ) once per week  (  )  2-3 times per week 
(  )  4-6  times per week  (  )  at least once per day 
(9) On average, and when considered over the last month, how long would you 
spend (in a single session) engaged in the above physical activity? 
(  ) less than 15 minutes at a time   (  ) 15-20 minutes at a time 
(  ) 20-30 minutes at a time   (  ) 30-40 minutes at a time  
(  ) 40-50 minutes at a time   (  ) 50-60 minutes at a time 
(  ) more than 60 minutes at a time 
(10) Have you changed your physical activity patterns in the last 5 years?  
At work:  (  )  no  (  )  increased  (  ) decreased 
Sport and recreation:  (  )  no  (  )  increased  (  ) decreased 
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Other physical activity:  (  )  no  (  )  increased  (  ) decreased 
(11) If you answered `YES' to any parts of the above question, then prior to these 
changes, did you consider yourself to be: 
Sedentary:  (  ) no  (  ) yes 
Habitually active: (  ) no  (  ) yes 
 
Declaration: 
To the best of my knowledge, my answers to the above questions are true.  
 
Name: _____________________________  Witness: 
_________________________ 
Signature: __________________________  Signature: 
_______________________ 
         Date: ________________                 Date: ________________ 
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University of Wollongong Version1.2       
INFORMED CONSENT: EXERCISE PHYSIOLOGY LABORATORY 
Load carriage during rest and exercise - lung function  
The researchers conducting this project adhere the principles governing both the ethical 
conduct of research and the protection (at all times) of the interests, comfort and safety 
of experimental subjects. This form, and the accompanying Participant Information 
Sheet, are given to you and contain an outline of the experimental procedures and the 
possible hazards. 
Your signature below indicates five things: 
(1) You have received and read the Participant Information Sheet. 
(2) You have been given the opportunity to discuss the content of this document 
with one of the researchers prior to commencing the experiment. 
(3) You clearly understand these experimental procedures and possible hazards. 
(4) You voluntarily agree to participate in the project. 
(5) Your participation may be terminated at any point without jeopardising your 
present or future involvement with the University, or, in the case of a 
student, your assessment for any subjects, or courses undertaken through the 
University. 
Questions concerning the procedures, or rationale, used in this investigation are 
welcome at any time. Please ask for clarification of any point that you feel is not 
explained to your satisfaction. Your initial contact person is: Dr. Greg Peoples (School 
of Medicine, University of Wollongong: phone 02-4221-5172). For further information 
about the conduct of human experiments, please contact the Secretary of the Human 
Research Ethics Committee, University of Wollongong (phone: 02-4221-4457).  
I agree to participate in the experiment outlined in the Participant Information Sheet 
that will be conducted within the Exercise Physiology Research Laboratory (building 
41) at the University of Wollongong. 
Last name: ________________ Given name: ______________ Date of Birth: __/__/__ 
Address: _______________________________________________________ 
Name and phone number of contact person in case of an emergency: 
Name: _______________________________________  Phone:  
Family doctor: _________________________________  Phone:  
Signature: _____________________________________  Date: ____/____/______ 
Witness: Name ____________________________ Signature: ____________________ 
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APPENDIX B: REPEATED LATIN SQUARE DESIGN 
 
To construct the repeated latin square design rows were assigned to subjects and the 
columns assign to the load conditions. For example in the case of Study 1 (Chapter 2) 
investigating load carriage, respiratory mechanics and maximal exercise there were 14 
rows (14 subjects) and 4 columns (4 load conditions). The formula N(n,n)=n!(n-1)! for 
L(n,n) (example: 1,2,n,3,n-1,4,n-2,5,n-3,6,n-4…n) was used to determine the order of 
the first row where N = the number of conditions, in this case N=4 as there were four 
load conditions, and L(n,n) is a latin square of size n x n, in this case 4x4. Therefore the 
first row was 1,2,4,3. To complete the latin square descending the columns the next row 
was filled with the proceeding integer until N was reached then 1 was filled in and the 
process repeated until N rows had been completed in this case 4 rows. 
In this case: 
1 2 4 3 
2 3 1 4 
3 4 2 1 
4 1 3 2 
Each number was then assigned a letter. A=1, B=2, C=4 and D=3 and the latin square 
design correspondingly filled in.  
In this case:  
A B D C 
B C A D 
C D B A 
D A C B 
To repeat the design in order to test more than for 4 subjects i.e. increase the number of 
rows, the same numerical order was kept but the corresponding letter randomised A=2, 
B=3, C=1, D=4 
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In this case: 
C A D B 
A B C D 
B D A C 
D C B A 
This was repeated 2 more times in order to get a 16x4 repeated latin square design. 
In this case: 
A B D C 
B C A D 
C D B A 
D A C B 
C A D B 
A B C D 
B D A C 
D C B A 
D C A B 
C B D A 
B A C D 
A D B C 
D B C A 
B A D C 
A C B D 
C D A B 
Each letter was then assigned to a condition. In this case A=0 kg control, B=15kg, 
C=25kg and D=35kg. 
The same process was used for Study 2 (Chapter 3) load carriage, respiratory 
mechanics and submaximal exercise and Study 3 (Chapter 4) load carriage, tissue 






Table B.1: Study 1 (Chapter 2) load carriage, respiratory mechanics and maximal 
exercise, repeated latin square design 
Subject Maximal Test 1 Maximal Test 2 Maximal Test 3 Maximal Test 4 
1 Control 0 kg ADF Split 15 kg ADF Split 25 kg ADF Split 35 kg 
2 ADF Split 15 kg ADF Split 35 kg Control 0 kg ADF Split 25 kg 
3 ADF Split 35 kg ADF Split 25 kg ADF Split 15 kg Control 0 kg 
4 ADF Split 25 kg Control 0 kg ADF Split 35 kg ADF Split 15 kg 
5 ADF Split 35 kg Control 0 kg ADF Split 25 kg ADF Split 15 kg 
6 Control 0 kg ADF Split 15 kg ADF Split 35 kg ADF Split 25 kg 
7 ADF Split 15 kg ADF Split 25 kg Control 0 kg ADF Split 35 kg 
8 ADF Split 25 kg ADF Split 35 kg ADF Split 15 kg Control 0 kg 
9 ADF Split 25 kg ADF Split 35 kg Control 0 kg ADF Split 15 kg 
10 ADF Split 35 kg ADF Split 15 kg ADF Split 25 kg Control 0 kg 
11 ADF Split 15 kg Control 0 kg ADF Split 35 kg ADF Split 25 kg 
12 Control 0 kg ADF Split 25 kg ADF Split 15 kg ADF Split 35 kg 
13 ADF Split 25 kg ADF Split 15 kg ADF Split 35 kg Control 0 kg 
14 ADF Split 15 kg Control 0 kg ADF Split 25 kg ADF Split 35 kg 
15 Control 0 kg ADF Split 35 kg ADF Split 15 kg ADF Split 25 kg 
16 ADF Split 35 kg ADF Split 25 kg Control 0 kg ADF Split 15 kg 
 
